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ABSTRACT
This is an account of a study of the Fornax I cluster of 
galaxies. Fornax I is one of the closest southern clusters (Vq ji 1500 
km/sec) and the Anglo-Australian Telescope made possible the observation 
of low brightness levels in reasonable observing time. It was therefore 
possible to observe members of this cluster over a wide range of 
absolute brightness and examine the colour-magnitude array and lumin­
osity function to faint absolute magnitudes.
A survey was undertaken of the Schmidt field 358 (which covers 
the central part of the cluster) and the surrounding 6 fields, to 
identify individual cluster members and find the total extent of the 
cluster. The radial surface density distribution showed good agreement 
with Aarseth's models using a concentration index of 0.49. Comparison 
of the distributions of bright and faint galaxies reveals no evidence 
for the equipartition of mass.
The colour-magnitude array of the central part of the cluster 
was constructed, based on PDS measurements of U and V plates from the 
Anglo-Australian and ANU 40" telescopes. The relationship between 
colour and magnitude is well determined down to -16, with a turn­
over at the bright end and a mean slope of 0.145. There is a particu­
larly interesting group of blue galaxies with Mv _^-16.5, which are 
bluer than the bluest globular clusters and maybe the sites of recent 
star formation. Furthermore the majority of galaxies in this part of 
the CM array have a distinctive appearance, in that they are circularly- 
symmetric with varying degrees of central concentration. No galaxies 
fainter than ^ -15.0 have this degree of circular symmetry.
Using a standard sequence of galaxies in the central part of the 
cluster, approximate V magnitudes were assigned to all faint galaxies 
identified as members. Magnitudes for bright members were converted 
from Harvard magnitudes appearing in the RCBG. The luminosity function 
for the cluster was constructed and shown to be well represented by a 
Schechter function with a = -1.24, over a range of 10 magnitudes.
Profiles of the form suggested by King (1966) have been fitted 
to the range of galaxies. Well defined relationships between absolute 
magnitude and the various parameters of the King profiles over a 9 
magnitude brightness range have been found. The shape parameter log 
(r^/r^) increases with absolute brightness, as does the size parameter 
log (r^ _) • Log (r ) on the other hand shows a much smaller overall 
variation and a sinusoidal pattern is evident with absolute magnitude. 
Comparison of the King models fitted to galaxy profiles with published 
results for the globular clusters shows the galaxies and globular 
clusters forming almost parallel sequences in plots of log (rt/r ) 
and central surface brightness against absolute magnitude, although the 
actual values of log (rfc) and log (r ) differ substantially from the 
galaxies to the globular clusters.
Results for 4 bright elliptical galaxies in the Fornax I 
cluster and published data for 8 bright elliptical galaxies in the 
Virgo cluster contain a dynamical term in the colour-magnitude array 
in the sense that the redder ellipticals have smaller log (r^/r ).
This dynamical quantity may therefore be the 'second parameter' in 
the CM array, discussed by Sandage (1972) .
The colour gradients of the Fornax I galaxy NGC 1389 are 
compared with the colour gradients of NGC 3115 published by Strom 
et al., (1976). The claim by Strom et al. that the isochromes are
flatter than the isophotes, is examined, and, on the basis of their
published data, found to be wanting. The conclusions drawn are 
(a) that Larson's models do not accurately predict the observed shape 
of the colour-surface brightness relationship, and, (b) Larson's 
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1C H A P T E R  1 
INTRODUCTION
Observations of early-type galaxies provide important 
constraints on theories of galaxy formation and evolution. Galaxies 
are thought to have formed by the collapse of primordial material under 
self-gravity. As the infall proceeds, stars form, evolve and enrich 
the insterstellar medium with metal-rich material from which the new 
stars are formed. It is plausible that this enrichment process will be 
mass-dependent since a massive galaxy has a deeper potential well, is 
able to attract more material and therefore undergo a greater degree of 
enrichment, than a less massive galaxy. Observations of the colour- 
magnitude effect have been limited to bright galaxies and a study of 
elliptical galaxies over a wide brightness range would assist in 
determining the overall behaviour of this relationship.
If galaxies form as subcondensations within the proto-cluster 
material, the present luminosity (mass) spectrum will reflect the 
original spectrum, but may, of course, be altered as a result of 
breakup, collision, merger etc. Observations of the luminosity 
function of the galaxies within a cluster to faint total brightness 
will provide useful information which may be effective in arbitrating 
between competing theories of galaxy formation and evolution. In this 
way the physics of the breakup of the proto-cluster material may 
eventually be understood.
It was against this background that the study of the Fornax I
cluster was commenced. This cluster was chosen since it is relatively
2close (Vq = 1500 km/sec), is at a high galactic latitude 
(b = -55 degrees), and at a suitable declination (Rec = -35 degrees) 
for observing with the Anglo-Australian Telescope at Siding Spring 
Observatory.
This thesis is a report of the program of observation of the 
cluster. In Chapter 2, I survey the problem of early-type galaxies in 
clusters. The observations and data reduction procedures are presented 
in Chapter 3, and the results discussed in Chapters 4 through 8. The 
results are summarised in Chapter 9. Appendix A contains a paper on 
colour gradients in early-type galaxies presented at the IAU Regional 
Meeting in New Zealand in 1978. Appendix B lists previous observations 
of the Fornax I cluster, and Appendices C,D, and E detail the computer 
programming and telescope vignetting calculations.
3C H A P T E R  2
SYSTEMATIC PROPERTIES OF EARLY-TYPE GALAXIES
This thesis is concerned with the systematic properties of 
early-type galaxies in the Fornax I cluster. This includes properties of 
the individual galaxies i.e. luminosity distributions, to the distribution 
of galaxies in the cluster. To determine the current understanding of 
problems associated with early-type galaxies, a literature survey was 
carried out with the emphasis on the observational results and the-inter­
pretation of these results in terms of current theories of galaxy forma­
tion and evolution.
Galaxian luminosity distributions
Observations of a galaxy in a single waveband enable the deter­
mination of the radial luminosity distribution which is necessary for an 
assessment of the mass distribution in the galaxy. This provides a basis 
for the construction of mass models and the start of the understanding of 
the dynamics of galaxy evolution. The radial luminosity distributions have 
been quantified by various fitting formulae, which, with one exception, 
are purely empirical; the one based on a mathematical theory has severe 
restrictions in its formulation and its relationship to a real galaxy may 
be tenuous. All the fitting formulae considered have free parameters which 
can be adjusted to fit a given galaxy, and are therefore useful for 
comparing one galaxy with another.
Hubble (1930) showed that profiles of elliptical galaxies could be 
conveniently described by
r 2I (r) - I_/(l + -)° a
4where I is the intensity at r = 0, and a is the scale factor. One problem 
with Hubble's formula is that it does not converge to a finite total 
luminosity; another is that di/dr is non-zero at r = 0. Therefore while 
it provides good agreement with observations over a wide range of radius, 
it has some deficiencies.
de Vaucouleurs (1956) suggested the expression
1/4
log (— ) = -3.33 (— ) " 1
where Ig is the intensity at r = rg, the radius containing half the total 
galaxy luminosity. This expression converges to a finite total luminosity 
and provides good agreement with observations over a wide range of radius.
King (1966) constructed a series of models to fit globular cluster 
profiles, based on the assumption of a single mass for all objects, 
isotropic velocity distributions, and an isolated self-gravitating system. 
He further assumed a Maxwellian distribution function for the stellar 
kinetic energies and used a cutoff at the high energy end. Each of these 
assumptions has potential difficulties when relating theory to reality, 
as King himself emphasises (1978). Nevertheless his models can be used 
to compare profiles of galaxies with each other, and profiles of galaxies 
with profiles of globular clusters.
Oemler (1976) modified the Hubble profile with an exponential 
cutoff at the bright end and demonstrated good fits to profiles over a 
wide range of radius. His formula was
2
exp(- (V /(1 + e>
where a and 3 are scale factors.
It should be noted that there is a wide range of profiles within 
the elliptical galaxies. Close scrutiny of the profiles presented by 
Oemler (1976) and King (1978) shows a wide range of profile types. No one
5type of curve covers all types, a point emphasised by King (1978). 
Lenticular and spiral galaxies have a spheroidal component obeying the 
luminosity law applying to elliptical galaxies, and a disk component 
with an exponential fall-off with radius de Vaucouleurs (L958),
Tsikoudi (1977).
Galaxy colours
Observations in two wavebands give colour information which is 
central to analysis of the age and chemical evolution of the galaxy. 
Differences in colour from one part of a galaxy to another have been 
observed and can be related to theories of galaxy formation and ' 
evolution. In this review we discuss the evidence for changes in the 
integrated colour from one galaxy to another, and then note the 
evidence for colour changes within individual galaxies.
Colour-magnitude array
The significant observations of the integrated colours of 
early-type galaxies have resulted in the relationship between colour 
and absolute magnitude. The nature of this relationship has been known 
for some time but has only recently been thoroughly documented. The 
explanation of the effect is not well understood, although there are 
good grounds for believing that metallicity changes are responsible.
Baum (1959), de Vaucouleurs (1961), Rood (1969), and Sandage 
(1972) have produced observational evidence demonstrating the relation­
ship between colour and absolute magnitude. The study which has 
included the largest sample is that of Visvanathan and Sandage (1977) 
(hereinafter VS) who examined early-type galaxies in 9 nearby clusters. 
They formed a composite colour-magnitude (hereinafter CM) array
6by shifting the clusters to the distance of Virgo by using the relative 
redshifts of the clusters. They found a well defined linear relation­
ship with a slope
A(u-V)/av =0.1
The significance of the VS work is in the demonstration of a 
linear relationship between colour and magnitude for bright early-type
galaxies. This was based on a composite CM array and VS claimed
#
universality for this result. What is true is that the early-type 
galaxies followed, in the mean, the overall relationship. However, 
it does not necessarily follow that each cluster separately has'the 
same slope as the composite array. The number of galaxies observed by 
VS in the separate clusters is too small to make detailed comment on 
differences between the various clusters.
The VS sample consists mainly of galaxies brighter than 
M^ = -18.7, but includes 5 dwarfs in Virgo measured by Sandage (1972). 
These dwarfs are important since they are the only available observa­
tions fainter than M = -18.7 and have therefore been accorded a highv
statistical weight in the definition of the mean CM relationship.
One aspect of the CM work discussed by Baum (1959) and by 
de Vaucouleurs (1961), but not by Sandage (1972) or VS was the behaviour 
of the CM array at fainter magnitudes. It is known, for example, that 
certain globular clusters have extremely weak metal line strengths and 
therefore represent a blueward limit for the evolution of old systems 
which have had no recent star formation. It is therefore unrealistic 
to expect the CM array to extend bluer than these extremely metal-poor 
globular clusters and still be representative of Population II systems. 
The brightest globular clusters have M^ -10, so there is a range of
7some 9 magnitudes between the faintest of the well observed VS galaxies 
and the brightest of the globular clusters.
Faber (1973) made a significant advance in the attempt to 
understand the physics of the CM array, using 10 carefully chosen 
intermediate-band filters to examine colours and metal line strengths 
of close pairs of elliptical galaxies. She found intrinsic colour and 
metal line strengths showed monotonic relationships with total magnitude, 
and concluded that the observed colours were consistent with the 
hypothesis that variations in colour could be accounted for by variations 
in metal abundance alone. This was an important step as it was the 
first comprehensive evidence that a single parameter, metal abundance, 
varied with total mass.
Further evidence that metallicity varies systematically with 
absolute magnitude and is enhanced in galaxy cores comes from Cohen 
(1979). She measured the equivalent widths of several absorption 
features on the red side of 5000$ and found that those features which 
showed radial variations within galaxies also varied from galaxy to 
galaxy. Those features that showed no radial variations within the 
galaxies did not vary from nucleus to nucleus. Cohen postulated that 
these observations were consistent with the hypothesis that a single 
factor caused both the radial variations within the galaxies and the 
variations from nucleus to nucleus between the galaxies. This single 
factor she identified as metallicity.
Aaronson et al., (1978) calibrated the integrated colour of 
early-type galaxies and globular clusters in terms of metallicity 
variations. They based their work on (V-K) and (J-K) colours and the 
CO index, and used evolutionary models to determine the calibration.
8Colour gradients
Evidence for the existence of colour gradients across individual 
early-type galaxies has come from de Vaucouleurs (1969), Burkhead and 
Kalinowski (1974), Miller and Prendergast (1962), (1968), Strom et al.,
(1976), Strom et al., (1977), Strom et al., (1978), Duus (1978) (Appendix
A), and others. These results influence theories of galaxy formation and 
evolution since at least three interpretations of radial colour changes 
are possible. Many early-type galaxies have cores which are redder than 
the outer parts which may mean (a) increasing interstellar absorption 
near the galaxy center, or (b) metal-rich stars near the center with a 
declining gradient as a function of radius, or (c) age differences with 
the younger bluer stars near the periphery, or a combination of these 
interpretations.
Luminosity function
The luminosity function of a cluster of galaxies describes 
the distribution of absolute magnitudes of the members of that cluster.
If the mass to light ratio is known independently, the luminosity 
function can then be interpreted in terms of the mass spectrum of the 
galaxies in the cluster. This should assist in understanding the 
physics of galaxy formation in the protocluster, since the present mass 
distribution is derived from the original distribution, though the 
processes of galaxy merger and breakup may have modified the original 
distribution.
Luminosity functions have been published by Kiang (1961),
Rood (1969), Krupp (1974), Oemler (1974), Abell (1976), Dressier (1976), 
Turner and Gott (1976), Jones and Jones (1979), and others. Rood (1969)
measured the luminosity function of the central region of the Coma cluster.
9He constructed two functions; for the first, the background was constant 
over the area of the cluster considered, which he considered was an 
overestimate of the true correction; in the second, he assumed no 
background galaxies were present, which was certainly an undercorrection. 
He compared his results with a similar determination by Abell and found 
reasonable agreement. Interestingly, both Rood and Abell found the 
luminosity function was not monotonic increasing, but that dips were 
present at approximately the same brightness in both samples.
Oemler (1974) measured the luminosity function for 15 clusters, 
with the data obtained in a consistent fashion for each cluster. His 
result for Coma shows some resemblance to Rood's, discussed above, but 
examination of his Fig. 4 reveals a wide variety of profiles for differ­
ent clusters. The background problem is severe in Oemler's work, since 
he used as a background correction, the average background determined 
over all the clusters.
Oemler's results have been used by Schechter (1976) who formed 
a composite luminosity function of 13 clusters. The method used to 
combine the clusters has resulted in the final profile representing a 
mean of all the clusters involved, irrespective of the richness of the 
individual clusters. In this way, the final function is dominated by 
the richer clusters. Schechter formed a function of the form
n (L) dL = n* (^*)a exp(- jr*) d (^)
where the important power term is given by a = -1.24 and the scaling 
factor n* = 910. The Schechter expression has been used by 
Dressier (1976) and Jones and Jones (1979) in recent studies of the 
luminosity function.
Dressier (1976) examined 12 rich clusters of galaxies and
10
found the Schechter function did not provide a satisfactory representa­
tion of the observed functions. In particular the bright end of his 
profiles exhibited marked differences, suggesting that either the mass 
spectrum at the bright end at formation time was governed by random 
events, or that the original spectrum has been entirely obliterated 
by breakups, mergers, collisions etc. Dressier's clusters were 
necessarily distant objects, and his luminosity profiles are determined 
to ^ -19.5. Therefore no information could be obtained on the shape 
of the luminosity function at fainter magnitudes.
Turner and Gott (1976) formed a composite luminosity function 
from a selection of small groups of galaxies. Their method of combining 
the clusters avoided the problem of domination of the poorer clusters by 
the richer clusters (eg. Virgo), however the main difficulty with their 
work is the method used to define the groups that • make up the catalog. 
They identified regions of the north galactic cap which showed enhancements 
in the surface number density of galaxies brighter than V ^  14.0. By 
adopting a precise objective criterion for selection of galaxies into a 
group, they ensured that all recognised clusters were included, but made 
it difficult to distinguish open clusters from a chance alignment of field 
galaxies. The problem of correct background identification is therefore 
greater than the problem of identification of the members of individual 
groups. Despite these difficulties, their work is the first attempt at 
construction of a luminosity function for small groups, and they found 
good agreement with the Schechter shape with a = -1. Their result is 
essentially a bright galaxy result, because the sample was limited to 
galaxies brighter than V 14.0.
Jones and Jones (1979) undertook a program of velocity deter­
mination for galaxies in the magnitude range 15 < mn < 16 in the Schmidty
11
field 358 which covers the Fornax I cluster. The theoretical ideas 
behind their program are described in Jones and Jones (1978), where 
they show that if the field galaxies have the same luminosity function 
as the cluster under consideration, it is possible to differentiate 
between two extreme luminosity functions and thereby obtain informa­
tion on the faint end of the luminosity function. The two luminosity 
functions chosen were a Schechter function (1976) and a Schechter 
function with an exponential cutoff at the faint end. Their aim was 
to be achieved by determining membership for a complete sample of 
galaxies in a specified narrow range of apparent brightness. The 
observations should adequately cover the extent of the cluster and 
include a large sample to get meaningful results. The problem with 
this scheme is in the assumption that the cluster and field have 
identical luminosity functions. Of course there is no way of telling, 
a priori whether the functions for the cluster and the field will be 
the same, and it would be important for that hypothesis to be examined.
In the course of their radial velocity determinations, they 
accumulated sufficient redshifts of galaxies down to = 16 to 
construct the luminosity function for the part of the Fornax I cluster 
covered by field 358. Comparison with the Schechter function gives a 
best fit with a = 0, significantly different from the earlier results 
of Schechter and Dressier.
Stellar populations in early-type galaxies
The stellar content of galaxies has been the subject of a 
large amount of investigation, in particular Morgan (1958), King (1971), 
and van den Bergh (1975). Elliptical galaxies, in particular, are 
systems in which star formation has long since finished and the
12
principal stellar component comes from a Population II component. The 
principal stellar component of dwarf galaxies, on the other hand, comes 
from an old Population I component. These population differences are 
reflected in the integrated colours of these systems.
The Bright End of the Luminosity Function
One aspect of the luminosity function work which has aroused 
much interest is the distribution of the absolute magnitudes of the 
brightest galaxies in clusters. The particular question that is to be 
answered is - 'is the brightest galaxy in a cluster formed by a process 
different from that which forms the other cluster members, or is 
galaxy formation a statistical process with the brightest galaxy 
formed at the bright end of this process?"
Sandage and Hardy (1973) and Sandage (1976) favour the special 
process interpretation. Sandage argues that the observed luminosity 
functions are not steep enough at the bright end to fit the observa­
tional results and therefore no universal luminosity function applies.
He sees the brightest galaxy in a cluster formed by a process which 
is different from the formation processes for the other cluster members.
The opposing view, that luminosity functions are universal and 
the brightest cluster galaxy is part of the same statistical formation 
process, has been surveyed and summarised by Geller and Peebles (1973). 
They note the small dispersion in the absolute magnitudes of the 
brightest galaxies in clusters and the homogeneoty of form of luminosity 
functions as major points in their argument.
Evolution after formation could modify the original mass spectrum 
in several ways. Material stripped from galaxies by encounters could fall
towards the center of the potential well which will generally be close to
13
the most massive galaxy. This galaxy could grow at the expense of other 
members of the cluster and the present luminosity function could bear 
little relationship to the original luminosity function.
HI content of early-type galaxies
Observations of the HI content of early-type galaxies are 
important as theories of galaxy formation and evolution make specific 
predictions about the fate of expelled and remaining primordial gas 
within the cluster. These observations have detected very small amounts 
of HI in some ellipticals and very low upper limits in others.
Bottinelli and Gougenheim (1979) and references therein discuss the 
latest results. Further discussion is left to the section on theories 
of galaxy formation and evolution.
Classification of Clusters
The purpose of a classification scheme for clusters of galaxies 
is to identify the major types of cluster by some gross, obvious 
characteristics. Classification schemes have been proposed by Abell 
(1958), Zwicky et al., (1961), Abell (1965), Bautz and Morgan (1970),
Rood and Sastry (1971), and Oemler (1974). Each scheme used different 
characteristics of a cluster in its definition and therefore the scheme 
to be used in a particular circumstance will depend on the purpose for 
which it is required. For example Sandage (1976) uses the Bautz-Morgan 
scheme as his interest lies in the relative brightnesses of the first 
few cluster members. Butcher and Oemler (1978) discuss the spiral 
content of distant clusters and Oemler's scheme is most appropriate.
14
Galaxies and globular clusters
Early-type galaxies may have formed as described by Gott (1973) or 
Larson (1975), and late-type galaxies may have formed as described by 
Eggen, Lynden-Bell, and Sandage (1962). The globular clusters are thought 
to have formed early in the life of the collapsing protogalaxy, dwarf 
galaxies are thought to have formed far from the parent galaxy, from 
material not partaking in the initial collapse. As a result, some 
similarity can be expected between the modes of formation of the globular 
clusters and the dwarf galaxies. It may also be expected that this 
similarity would be reflected in the present structure and properties of 
these objects.
The globular clusters seen around our galaxy have, on passing 
through the galactic disk, encountered the potential field of the disk 
and have, in the main, survived its disruptive effect. They have survived 
because the gravitational fields caused by the high stellar densities 
near their centres dominate the field of the disk.
The dwarf elliptical galaxies on the other hand are less compact, 
more diffuse objects and couldn't survive a close encounter with the 
Galaxy. It is likely therefore that the dwarfs formed further away from 
the Galaxy than did the globular clusters, and that the dwarfs seen today 
have never come close to the Galaxy. Hodge (1966) discusses this point 
with respect to the 6 better known local dwarfs.
Evidence relating the King structural parameter log (r,/r ) fort c
elliptical galaxies, dwarf ellipticals, and globular clusters has been 
discussed by King (1962) and Freeman (1975), who note the similarities 
in this parameter for these three classes of object.
Discussion of the similarities and differences between dwarf 
ellipticals and globular clusters with respect to the colour magnitude
15
array and variable star content has come from Baade and Swope (1961),
(who studied the dwarf elliptical Draco), Hodge (1965) (Sculptor), 
van Agt (1967) (Ursa Minor), and Swope (1967) (Leo II). Baade and 
Swope note the basic similarities in the colour-magnitude array and in 
the luminosity function between Draco and the globular clusters, while 
van Agt finds similar colour-magnitude arrays for Ursa Minor and 
comparison globular clusters. van den Bergh (1975) lists the differ­
ences found between dwarf ellipticals and globular clusters in comparison 
of certain classes of variable stars.
Observations of colour and line strengths of elliptical galaxies 
and globular clusters by Faber (1973), McClure and van den Bergh (1968), 
and Aaronson et al., (1978), have emphasised the similarity between the 
2 types of object. As noted above, Aaronson et al., used infrared 
colour observations to calibrate mass dependent metallicity changes.
Theory
The observational results discussed above are now used in 
discussion of theories of galaxy formation and evolution. In particular, 
we discuss models of the mass distribution in clusters, several theories 
of galaxy formation and evolution, and the fate of interstellar gas 
within the cluster.
Mass models of clusters
Numerical modelling of the collapse of N bodies representing 
the collapse of a cluster of galaxies can be used to assist in the 
understanding of the process of cluster break-up, and the distribution 
of mass in clusters. Typically a few hundred self-gravitating particles 
are followed through several collapse times, and the resulting number
16
distributions compared with radial or strip counts of clusters.
Aarseth (1963, 1966, 1969) followed the motion of differing numbers of 
particles but undertook no direct comparison with observational results. 
Peebles (1970) modelled the Coma cluster and produced a creditable 
comparison with the observed mass distribution in that cluster. White 
(1976) also modelled the Coma cluster and found good agreement with 
Oemler's (1974) mass distribution.
Butcher and Oemler (1978) have provided a series of curves 
representing Aarseth's models of projected mass density as a function 
of radius with which observational results can be compared. The 
parameter defining the curves is a concentration index log (R^Q)/log (I^q).
where is the radius containing n percent of the projected mass. 
Thus it is relatively simple to relate actual distributions to the 
theoretical predictions and hence, via the (unpublished) details of the 
models, to the various initial conditions.
It should be noted that interpretation of observational results 
in terms of theoretical models may not be satisfactory and that compari­
son with different theoretical models may not lead to consistent 
conclusions. This problem has been highlighted by the work of Lecar 
(1968) who organized 11 investigators to model and integrate the 
identical problem on their separate computors. The results showed that 
after 2 relaxation times, quantities such as moment of inertia varied 
from run to run by as much as 100%. The differences arose when close 
encounters became important at the time of the first collapse. Results 
based on numerical calculations must be treated with some caution before 
unrealistic expectations are formed in the user's mind of their applica­
bility. Oemler (1973) presents details of Aarseth's early models, but the 
relationship of Rn to the initial conditions is not known.
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However the comparisons between models with various values of should
not be affected and therefore clusters can be compared on the basis of
their various R values.n
Theories of galaxy formation and evolution
Gott (1973) proposed a theory of galaxy formation in which the 
protogalaxy consisted of stars without any remaining primordial gas, 
and which came into virial equilibrium to form an elliptical galaxy.
The elongation of the resulting galaxy was directly related to the 
initial angular momentum of the system, and the galaxy has smooth 
isophotes similar to those observed in elliptical galaxies. As no 
primordial gas remains in the protogalaxy before its collapse, there is 
no star formation after the collapse has started, and therefore all 
stars will be of the same age. This theory therefore excludes metal 
enhancement and consequently predicts no colour variation across an 
early-type galaxy. This prediction is not in accordance with observa­
tions (see earlier discussion of observed colour gradients), and there­
fore casts doubt on the validity of Gott's theory.
Larson (1975) detailed a series of models in which primordial 
gas, constituting the protogalactic material, collapsed under selfgravity 
and formed stars with the timescale for dynamical collapse equal to the 
timescale for star formation. The remaining gas cools and sinks toward 
the galaxy center with a cooling timescale equal to the dynamical 
timescale. Metal-rich material ejected from the stars during their 
lifetime enriches the infalling primordial gas, so that stars forming 
from this material are substantially richer in metals compared with 
older stars in the galaxy. As these new stars are formed from the 
infalling material, a substantial metallicity gradient will be set up,
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and should be observable.
There are, however, several difficulties with this approach.
First, the theory as proposed by Larson predicts that the 
observed colour gradients in early-type galaxies will be different 
along major and minor axes, after allowance for the elongation. This 
prediction, often conveniently expressed as "isochromes flatter than 
isophotes", was claimed by Strom et al., (1976) and Strom et al.,
(1977) to have been observed in NGC 3115. Their published data was 
examined by Duus (1978, Appendix A) who used a more sensitive method 
of data analysis and has showed that the effect as predicted by Larson 
was not present in their data. The flattening of the isochromes was 
not present in NGC 1389, an elongated galaxy in Fornax I chosen to 
investigate Larson's prediction. Furthermore, the shape of the 
colour-surface brightness plot bears little relationship to the 
prediction made by Larson.
Second, Larson's models are supported by rotation, i.e., the 
elongation is a result of the rotation of the galaxy. Illingworth 
(1977), and Schechter and Gunn (1979) and references therein have 
shown that the observed rotation is not in accord with this prediction, 
but is approximately 1/3 that predicted by a model supported by 
rotation.
A third difficulty concerns the fate of the expelled inter­
stellar gas. The metal enrichment theories, of which Larson's is the 
prototype, require the presence of interstellar gas, which can be a 
mixture of both primordial and processed gas, to act as the raw 
material for the enrichment process. The theoretical amounts of HI 
from evolving stars can be determined from stellar evolution models
and the total gas mass theoretically present in a typical early-type
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galaxy obtained. Observations of HI in early-type galaxies have placed 
very low upper limits ( < 0.1% by mass) on the HI content. Therefore 
the predicted amount of gas is either present in the galaxy and has not 
been observed or has been swept out of the galaxy by some undetermined 
process.
Galactic winds
This idea was first investigated by Mathews and Baker (1971) 
and Larson (1974) incorporated it into his models. Essentially the 
process can be described as follows - gas injected into the interstellar 
medium with the velocity of its parent star, and therefore high 
relative velocities are present between the various gasses. At the 
fronts, shocks will keep the gas hot and prevent it cooling by radia­
tion. Supernovae explosions now play their part by sweeping up the hot 
gas and driving it out of the galaxy. Mathews and Baker considered a 
steady-state outflow would be established and no observable gas would 
remain.
In pursuing this idea, Faber and Jackson (1976) noted that the 
velocity dispersion in galaxy centers was related to total brightness 
by
4L a v
where L is total brightness and v is the velocity dispersion. If this 
relationship holds throughout the galaxy, the kinetic temperature of 
the expelled gas will be greatest in the most massive galaxies. In 
less massive galaxies, this gas would cool and condense between 
successive shock fronts and not be driven from the galaxy. Faber and 
Jackson assumed perfect thermalization of the gas and found that fainter 
than M^ 2. -15, no expulsion should occur. Gisler (1976) seriously
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questioned the model used by Faber and Gallagher; in particular the 
efficiency of thermalisation. By assuming a value of 10% efficiency 
Gisler deduced that there should exist a brightness limit above which 
no galactic wind could operate.
Given these uncertainties in the model, it is difficult to assess 
the importance of the galactic wind, except to note that Faber's (1973) 
data gives some hope for the theory expounded by Faber and Jackson. If 
no gas were expelled from the galaxy, it is reasonable to imagine that 
star formation would continue up to the present epoch. This in turn 
would result in the colours of apparently early-type galaxies becoming 
significantly bluer than the trend seen in the CM array, below a certain 
brightness level. This effect is seen in Faber's data at M^ -16.5 
where 3 galaxies are considerably bluer than would be expected by simple 
extrapolation of the mean CM line.
Previous observations of the Fornax I cluster
Appendix B summarises previous observations of the Fornax I 
cluster. These observations cover many of the facets discussed above, 
and are referred to at appropriate places within the thesis. In particu­
lar, several important parameters are mentioned in Appendix B and are 
used in subsequent analysis.
These are -
(a) Fornax I has a galactic latitude of -55°, and I assume galactic 
reddening and absorption are zero at this latitude;
(b) a distance modulus of 32.0 to Fornax I is assumed from the work of 
VS. Determinations based on the Hubble constant and the mean cluster 
recession velocity may be in error because of uncertainty in the Hubble 
constant and because of large-scale motion of the Southern Super Galaxy,
21
(c) for distance determinations involving other clusters, a Hubble
constant of 50 km/sec/Mpc is assumed.
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C H A P T E R  3
3. OBSERVATIONS 
i) Photography
The Fornax I cluster was divided into 4 overlapping 1° fields 
numbered 1-4. Fig. 3.1 shows the centers and the 1° square field of the 
Anglo-Australian Telescope (hereinafter AAT). The corresponding field 
on the 40" was circular, with the same center and diameter of 1°. It 
was intended originally that all 4 fields would be covered in the U and 
V wavebands; however restrictions on observing time limited the project 
to fields 1 and 2.
The choice of the most appropriate wavebands for these observa­
tions was decided by referring to VS Fig. 1. This graph shows the
luminosity distribution as a function of wavelength for Virgo galaxies 
cwith 8.7 < V0_ < 14.0. The curves have been shifted vertically to26
coincide at 6213 A°. The greatest difference in the curves occurs at 
the shorter wavelengths; therefore the U and V bands were chosen to 
best exhibit this difference.
The photographic bandpasses were defined by the following 
(plate, filter) combinations; U, IlaO plus UGl ; V, IlaD plus GG14.
A journal of the photographic observations is given in Table 3.1.
The AAT was used for the U and deep V exposures. The AAT has 
2 prime focus correctors - the doublet and the triplet, each giving 
a platescale of 16.24"/mm. The latter is unsuitable for use in the 
ultraviolet as it is constructed of UBK7 (AAT User's guide) and has 
one of its surfaces coated with antireflective coating to reduce 
ghosting produced by internal reflection. This coating has had its
composition determined to optimise transmission in the B and V wavebands,
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and has a steeply decreasing transmission below 4000^ P. Therefore the 
observer is forced to use the doublet for ultraviolet observations.
There is, however, a serious drawback with the doublet, which 
is not satisfactorily described in the AAT User's guide. The design and 
size of the doublet, together with the geometrical alignment of the 
asymmetrical prime focus cage and the camera, have resulted in two sources 
of vignetting.
The first source, resulting from the design and size of the 
doublet, causes a marked decrease in sky brightness outside a central 
25' diameter field. This vignetting has been calculated by a ray-tracing 
procedure described in Appendix C. The essential optical elements of 
the AAT and corrector are listed in Table C-l and used in conjunction 
with established methods of ray tracing to determine sky brightness as 
a function of distance from the centre of the field. Appendix C lists 
details of the procedures used together with results of sky measurements 
from the plates.
The second source of vignetting on the AAT results from the 
geometry of the asymmetrical prime focus cage, the primary mirror, the 
sky baffle, and the position of the prime focus camera in the cage. At 
any point in the prime focus plane, the level of sky background depends 
on an azimuthal term which is a function of the relative positions of 
the camera and the cage. Since there was no facility for recording this 
information when these observations were made, it was not possible to 
correct for this effect.
The A.N.U. 40" telescope was used for the short V exposures.
There is an f/8 secondary and a plate scale of 25.2"/mm at the 
Cassegrain focus. There is a sky baffle which prevents sky light fall­
ing directly onto the photographic plate, but which, at the same time,
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is a source of vignetting for rays arriving at the photographic plate 
at a radial distance greater than 43mm. This vignetting was modelled 
and a correction applied, and details appear in Appendix C.
(a) Calibration
The full calibration procedure consists of 2 separate procedures:
(1) sensitometry - the conversion of measured densities into 
intensities, and
(2) standardization - the determination of the relationship 
between the intensity scale from (i) and the standard UBV 
photoelectric system.
(1) Sensitometry
The usual method of converting a density scale into an intensity 
scale is to use a sensitometer in which a pattern of spots of known 
relative intensity is projected onto the plate. A calibration curve is 
constructed by plotting the measured densities of each spot against the 
known relative intensity of the light that produced the spot.
A tube sensitometer, housed in the 40" building, was used to 
provide calibration spots in conjunction with plates taken on the 40" 
telescope. This particular sensitometer used either a tungsten or a 
quartz lamp, and an opal diffuser which provided uniform illumination 
on the entrance holes. These holes, which were of varying sizes, were 
connected by tubes to the exit holes which were of constant size, 
thereby producing a pattern of uniform circular spots of known relative 
intensity on the photographic emulsion, which was placed directly over 
the exit holes. The range of this sensitometer is 3.9 magnitudes and 
has been extended by the use of neutral density filters. Table 3.2 
contains the filter/emulsion combinations developed by Dr Barry Newell
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(hereinafter EBN) and which were used in this project.
There is a choice of lamps available for use with the 40" 
sensitometer - a tungsten lamp for use in the B and V wavebands, and 
a quartz-iodine lamp for the U: there is provision for filters to be
placed in the light path.
There were several problems associated with the use of the spot 
sensitometer. First, the opal diffusion had a transmittance with an 
unknown wavelength dependence and the effective wavelength in either of 
the U or V wavebands may have differed from that defined by the photo­
electric system. Second, the sensitometer was housed in a room away 
from the telescope and it was not possible to guarantee that the same 
conditions of temperature and humidity applied to both. Therefore it 
was decided to use photoelectric photometry to effect minor changes to 
the calibration curve to ensure agreement between photoelectric and 
photographic results.
(2) Standarization
The intensity scales defined by the calibration curve were 
matched to the standard UBV system by photoelectric photometry, as 
described below.
(ii) Photoelectric Observations
Two types of photoelectric observations were undertaken -
(a) repeated centred aperture measurements, and
(b) drift scans across NGC 1399 to check the slope of the
V calibration curve.
(a) Repeated centred aperture observations
A IP21 photoelectric tube cooled with dry ice was used at the 
f/18 cassegrain focus of the 40", with a Johnson offset photometer and
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filter box containing standard UBV filters and an aperture wheel. The 
sizes of the holes in the aperture were measured with a Zeiss measuring 
machine and are given in Table 3.3. The projected diameter on the sky 
is also shown, assuming a scale of 11.3"/mm. To ensure the best possi­
bility of the photocell, a standard procedure of filling the ice box 
every 6 hours, day and night, during the entire observing run, was 
adopted. At the commencement of the observing run the most sensitive 
part of the IP21 cathode was located by observing a bright star and 
moving the cell laterally until the count rate showed a maximum. The 
cell was then firmly fixed and all observations carried out with the 
cell in that position.
Standard stars were chosen from Cousins' (1973) E regions, El 
and E2. These 2 regions straddle the Fornax I cluster in Right Ascension, 
and the particular region chosen was determined by conditions at the 
time of observation. The standards were observed in groups of 5 or 6 
at intervals of 90 minutes during the night.
The integration times for stars were 10 seconds in each filter, 
but the times for the galaxies varied between 20 seconds in V to 60 in 
U. Sky measurements were made between each galaxy measurement and a 
nett 10,000 counts achieved.
Each galaxy was centered at the beginning of a series of obser­
vations by moving the aperture in small steps in RA and Dec across the 
galaxy and finding the position which gave the maximum count rate. This 
position was then adopted for all observations of that galaxy. Sky 
measurements were made between each galaxy measurement at positions chosen 
from deep plates to be free of any contamination.
The data collection system used was the General Purpose Scaler 
(GPS) which removed much of the tedious work associated with photoelectric
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observations and reduction. A BASIC program was used to record the 
counts in each integration period, interrogate the RA and Dec encoders, 
and input the siderial time. All stars and galaxies were observed in 
the sequence UBWBU; the airmass was calculated at the midpoint of 
that sequence.
Standard values of extinction in the V, U-B, and B-V systems 
were assumed and are shown in Table 3.4. From the natural magnitudes 
and colours, AV(natural-published), A(B-V) and A(U-B) were plotted 
against V, (B-V), and (U-B) respectively to define the transfer 
equations. These were calculated for each set of 5 or 6 standard stars, 
and used to reduce the program galaxies observed in the intervening 
periods.
Repeated observations of the same standard stars over several 
nights enabled an estimate of the accuracy of the observations to be 
made. Using the appropriate transfer equations, the derived values 
V, (U-B), and (B-V) could be determined for the standard stars and 
compared with the published values. The average standard deviations 
over all standards was then found for V, (U-B), and (B-V) and are 
shown in Table 3.5.
For the 4 program galaxies, observations were averaged and a 
mean and standard error calculated: these appear in Table 3.6. The
corresponding standard deviation per measurement is approximately 
0.03 magnitudes.
(b) Drift Scans
The drift scans were done on the 40" using the GPS data system 
and a program written by Dr Ken Freeman. In this section we discuss the
drift scans, their reductions, and use in making small adjustments to
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the calibration curve.
The aperture chosen was aperture C (diameter 17.78 seconds of arc) 
with an integration time of 1 second. The galaxy NGC 1399 was centred in 
the aperture in the manner described earlier, the telescope driven off to 
the west and a suitably bright star chosen as the reference point. The 
telescope was advanced slightly further to the west, the tracking disabled, 
and the integrations commenced as the bright star crossed the vertical 
cross hair. At the end of each scan a plot of the data was displayed on 
the Tektronix screen and the observer had the option of accepting or 
rejecting the scan. If accepted, the scan was co-added to the previous 
scans and the current mean scan displayed on the screen. The total 
integration time was 360 seconds per scan and a total 9 scans were used 
to give the final scan which was then recorded on cassette for later 
processing.
The reduction program read the data from cassette, allowed the 
operator a large degree of control and flexibility in the removal of 
unwanted stars, and produced a final "clean" scan. The star removal 
procedure required the operator to define, by the use of cursors, the 
part of the scan defining the galaxy and from which no stars were to be 
removed. In the region external to this, a cleaning procedure was used 
which involved successive passes through the data replacing points more 
than 3 standard deviations above or below the mean, with the mean value. 
After no more points had been rejected, the level for rejection was 
lowered to 2.5 standard deviations and the process repeated. The sky 
value was then determined, subtracted and a final scan produced. This 




The PDS microdensitometer at the Anglo-Australian Observatory 
was used to scan the photographic plates. The PDS consists of a light 
source and an optic train which projects an aperture (called a pre-slit) 
onto the photographic plate. This projected aperture is examined by 
the optics of the upper stage (the scanning slit) which uses a photo­
multiplier tube to record the amount of light transmitted through the 
plate. The basic quantity measured is the transmission, T, defined
m 1 outT = -----I . m
This transmission can then be converted to density by a Log 
converter. Density (D) is defined
D = log (~)
The setr up and operating procedure recommended in the PDS operations 
manual were followed with several modifications. The purpose of the 
adopted procedure was to ensure that the PDS measuring runs were as 
similar as possible to each other, and that the setup sequence was 
simple, methodical and easily remembered. The features of the adopted 
procedure were -
(a) the use of a piece of clear glass, of the same thickness as the 
exposed plate, as the standard for setting the PDS voltage and 
density controls;
(b) the use of opaque material to set the zero for measurements in 
transmission mode;
(c) the use of maximum gain during transmission measurements;
(d) the use of an offset of 020 (density 0.2) during density 
measurements;
(e) the use of the "log X l" control.
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The aperture size chosen for a particular measurement depended 
on the size of the galaxy image on the plate, and the resolution required. 
The galaxies on the short V plates and the faint galaxies on the U and 
deep V plates were scanned with a 20 micron square aperture. The. brighter 
galaxies on the U and deep V plates were scanned with either a 50 micron 
or 125 micron square aperture. To achieve this range in aperture size, 
use was made of the * 4 and * 10 objectives in the PDS optical train.
As the density mode gives a better resolution than transmission 
mode at higher densities, the mode selected for a particular measurement 
depended on the part of the galaxy under investigation. Central parts 
of the bright galaxies on the short V exposures were scanned in density 
mode, whilst the faint galaxies and outer parts of bright galaxies were 
scanned in transmission mode.
Each line was scanned with the step size, the distance between 
sample points, equal to the aperture size. Adjacent scan lines were 
made in opposing directions, with a separation equal to 1 aperture size. 
All galaxies were scanned in a square array with the number of scan 
lines equal to the number of measurements in each scan line.
Transmission scans were done at the maximum speed available 
(255 PDS speed units). Density scans required a little care as the 
Log amplifier had a finite time constant which meant it was unable to 
expand instantaneously to rapid changes in input signal. Herzog and 
Illingworth (1977) found speed restrictions were necessary to guarantee 
accurate measurements of stellar images. Trial scans across galaxy 
centres were made at varying speeds, but no speed-dependent effect was 
found. Nevertheless, all density scans were carried out at 16mm/sec
(100 PDS speed units).
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(iv) Calibration Curve
The Sensitometer produced a pattern of 3 rows of 5 spots. These 
spots and the areas of plate between the spots were scanned with the PDS 
and the density of the spots above fog determined. The calibration curve 
was then constructed, using the geometrical measures of the diameters of 
the sensitometer entrance holes as the gauge of the relative intensity 
of the light passing through the holes.
The form of the calibration curve used is that described by 
de Vaucouleurs (1968) which is in turn an adaption of an earlier system 
described by Baker (1925). The abscissa is in units of log (intensity) 
and the ordinate in terms of log (w) whereas u) = 10D-1. The effect of 
this formulation is to straighten out the calibration curve particularly 
at the faint end, and thereby allow representation by a polynomial.
A polynomial of the third order was fitted to the points in the 
(log (w), log (I)) plane. The various aperture sizes on the PDS were 
obtained with the *10 and x4 objectives which "see" the plate at differ­
ent effective f ratios, and the measure of density through each varies 
slightly over the range of densities encountered. Therefore separate 
calibration curves were required for each objective/plate thickness/ 
emulsion type combination and the coefficients of the polynomials 
representing these calibration curves are listed in Table 3.7.
The calibration curve in the V band was adjusted by comparison 
with the results of the drift scans. Fig. 3.2 shows the final agreement.
The calibration curve in the U band was adjusted by comparison 
with centred aperture observations published by VS.
(v) Data Reduction
Data reduction was performed on the Univac 1100/42 at the
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Australian National University using a suite of computer programs 
described in Appendix D.
The light distribution in galaxies was represented as a series 
of similar concentric ellipses with major axes colinear. Appendix E 
contains details of this model.
(vi) Internal checks on the photometry
The orientation of fields numbered 1 and 2 were deliberately 
chosen to give an area of sky common to both fields. There were 8 
faint galaxies in this overlap region in the magnitude range 
16.5 < V < 19.8. Since this number of galaxies was not sufficiently 
large to support a complete error analysis as a function of magnitude, 
the mean magnitude, V = 17.7, was adopted to represent the sample.
The standard deviation of the differences in the V magnitudes 
from centre 1 to centre 2 was 0.13. The corresponding error for the 
U magnitudes was 0.16, giving a total internal error of 0.21 in (U-V) 
at V = 17.7.
(vii) External Checks
(a) Comparison of Photographic Magnitudes with Photoelectric 
Magnitudes
The repeated centred aperture photoelectric observations in the
V waveband described in (ii) above were used to set the zeropoint of the
V magnitude scale. The drift scans in the V waveband also described in 
(ii), were used to set the shape of the V calibration curve.
Simulated centred aperture photometry was undertaken on the 
photographic data for comparison with published photoelectric observa­
tions. This comparison is shown in Fig. 3.3 for the V waveband for 
galaxies in the Fornax I cluster. The observations marked "Hodge" are
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from Hodge (1963); the others are from Sandage (1975) and Sandage and 
Visvanathan (1978). The galaxy observed by Hodge and by Sandage and 
Visvanathan through small apertures is NGC 1399; the differences in 
observed magnitudes demonstrate the problems associated with small 
aperture observations of galaxies. For the remaining observations, the 
standard derivation in AV is 0.042 magnitudes. Using a standard 
derivation for photoelectric measurement of 0.03 magnitudes ( (ii) above), 
the standard derivation for photographic magnitude is also 0.03.
Repeated centred aperture photoelectric observations in the U 
waveband were used to set the zeropoint of the U magnitude scale. The 
shape of the calibration curve was determined by use of the sensitometer 
and adjusted by comparison with published centred aperture photometry.
The final comparison is shown in Fig. 3.4 with AU as a function of radius 
of aperture. The mean difference between photoelectric and photographic 
measurements is -0.028 with a standard derivation of the differences of 
0.053.
(b) Comparison of Photographic Galaxy Profiles with Published 
Profiles
A check on external consistency can be achieved by comparing 
photographic galaxy profiles with those determined by other observers. 
This gives a check on the entire range of the calibration curve, as 
distinct from the centered aperture comparison which generally include 
only the brighter sections of the galaxy.
Hodge (1978) published an E-W profile of NGC 1399 which is 
compared to the results of this study in Fig. 3.5. As noted in Fig. 3.3 
there is a zero point difference between Hodge's photoelectric observa­
tions and the results of the current study, and therefore his profile has 
been shifted vertically to give the best fit. The agreement in profile
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is good out to 150 seconds of arc, corresponding to 24 V magnitudes per 
square arc second.
NGC 3379 was observed in great detail by Miller & Prendergast 
(1962) who made spot measurements along major and minor axes and along 
the E-W and N-S directions. This galaxy has since become a standard 
objects for galaxy photometry, against which other observations can be 
tested. Recently de Vaucouleurs and Capaccioli (1978) have developed a 
detailed model of NGC 3379 which is based on previous photoelectric and 
photographic observations. Using the V calibration curve, and without 
zero point determinations by photoelectric photometry, V exposures of 
NGC 3379 (see Table 3.1) were scanned and a mean E-W profile obtained 
and compared with the Miller and Prendergast photoelectric observa­
tions. The results appear in Fig. 3.6. The curves have been shifted 
in Log (X) to give the best fit. The results show good agreement indica­
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T a b l e  3. 3
A p e r t u r e  h o l e  s i z e s  m e a s u r e d  by a Z e i s s  m e a s u r in g  m ach in e
A p e r t u r e  D ia m e te r  i n  D ia m e te r  i n  s e c o n d s  o f
II
m ic r o n s a r c  ( s c a l e = 1 1 . 3
A 395 4. 46
B 784 8. 86
C 1565 1 7 .6 8
D 1920 21 .  70
E 3166 3 5 .7 8
F 4788 5 4 .1 0
G 7372 8 3 .3 0
H 95 72 1 0 8 .1 6
T a b l e  3 .4
E x t i n c t i o n  c o e f f i c i e n t s
k v  = 0 . 1 6
k b _v  = 0 . 1 2 -0 .0 4 (B -V )
k u- b  = 0 • 36
Tab l e  3 .5
A v e rag e  s t a n d a r d  d e v i a t i o n s  f o r  
o b s e r v a t i o n s  o f  s t a n d a r d  s t a r s
U-B B-V V
0 .0 0 9  0 .0 0 9  0 .0 1 0
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T a b le  3 .6
R e s u l t s  f o r  m e a s u r e d  g a l a x i e s












NGC 1380 D 0 .5 6 2 0 .0 0 2 1 .0 0 0 0 .0 0 6 1 1 .7 4 7 0 .0 0 7 20
1386 D 0 . 4 0 1 0 .0 1 1 0 .9 3 7 0 .0 1 0 1 2 .5 8 2 0 .0 1 2 13
1399 C 0 . 6  46 0 .0 0 5 1 .0  35 0 .0 0 4 1 1 .6 5 0 0 .0 2 1 14
O b s e r v a t i o n s  w e re o b t a i n e d 1 4 -1 8 N ovem ber, 1977.
T a b l e  3. 7
C o e f f i c i e n t s  o f  p o l y n o m i a l s  u s e d  t o  
r e p r e s e n t  t h e  c a l i b r a t i o n  c u r v e s
3
l o g  ( I )  = . E
1=0
Cj_ ( l o g li3
•H3 1 0 ° -1
W aveband PDS o b j e c t i v e Co Cl C2 C3
U X10 - 0 . 2 7 1 9 0 .7 7 9 1 - 0 . 0 0 7 4 0 .0 0 6 9
V X10 0 .1 7 7 1 0 .4 9 4 6 - 0 . 0 4 4 3 0 .0 2 4 8
U X4 0 .4 8 8 6 0 .7 1 5 0 0 .0 2 2 6 - 0 . 0 2 3 9
V X4 0 .5 1 8 1 0 .5 1 5 9 - 0 . 1 1 2 7 0 . 0  380
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Fig. 3.1 Central region of the Fornax I cluster 
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Fig. 3.5 E-W profiles of NGC 1399. The ordinate is 
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Fig. 3.6 Profiles of NGC 3379 along the major axis. The 
ordinate is plotted on an arbitrary scale.
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C H A P T E R  4
MEMBERSHIP OF THE FORNAX I CLUSTER
(i) Identification of Members 
Introduction
Membership of the Fornax I cluster was determined by visual 
classification of galaxies on copies of Schmidt plates (IllaJ + GG385) 
from the UK 48" Schmidt Unit. The search covered the field containing 
the central part of the Fornax I cluster and the 6 surrounding fields.
A description of the selection criterion follows, and 4 lines of 
evidence are presented suggesting that the method used enabled correct 
identification of cluster members.
Method
The Schmidt fields were chosen to cover the central part of the 
Fornax I cluster (field 358), and extended up to 8 degrees away from the 
center, including fields 301, 302, 357, 359, 418, and 419.
To ensure a methodical and complete search of the fields, a 
transparent overlay of plastic was marked with a 1 cm. grid, and the 
fields examined in a systematic way, one line at a time.
Individual galaxies were classified as members or nonmembers by 
examination of the images using a low powered, hand-held eyepiece. 
Distant galaxies are characterised by very dark centers and a sharp 
dropoff in density at the edge of the image. Bright galaxies at the
distance of Fornax I are characterised by a slower rate of decline of
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density with distance from the galaxy center, and a distinct gradation 
is clearly visible. Intrinsically faint galaxies - dwarf ellipticals - 
at the distance of Fornax I have a lower central density and an extended 
low surface brightness component with a distinct gradation of density. 
Differences in the images are evident in Figs. 4.1 and 4.2. Fig. 4.1 
is a reproduction of galaxy 117 (Table 4.2), which has a very dark 
center and sharp dropoff at the edges. Fig. 4.2 is a reproduction of 
galaxy 326 (Table 4.3), and is more diffuse, has a lower central density 
(more obvious on the original plate), and a noticeable radial gradation 
of density.
Spectra for radial velocity determination of Fornax I galaxies 
were obtained on the AAT. The AAT observing program included galaxies 
over a wide magnitude range, and in particular the fainter galaxies in 
the central parts of the cluster covered by the AAT plates. These 
fainter galaxies were of particular interest since none had previously 
reported recession velocities, and confirmation of their membership was 
a crucial part of the classification scheme.
Spectra were obtained on the AAT using the RGO spectrograph and 
the IPCS; use of grating 4 and the 25 cm camera resulted in a disper­
sion of 130 £ /mm.- Examples of spectra obtained for Fornax I galaxies 
are given in Fig. 4.3. The spectra were plotted at 100A°/inch and the 
positions of prominent features in the spectrum noted. An estimate of 
the recession velocity was obtained from each feature and the mean 
velocity and Standard error of the mean obtained. The standard error 
followed the prescription of Newell (1969). The recession velocity was 
corrected for solar motion about the galactic center by the addition of 
300sin (1) cos(b) as suggested by Humason, Mayall, and Sandage (1956).
I have tabulated in Table 4.1 the galaxy number in column 1, the
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corrected recession velocity in column 2, and the standard error of the 
determination in column 3.
The determination of membership from radial velocities comes 
from the comparison of an individual galaxy velocity with the mean 
velocity of the cluster of galaxies. VS quote a = 1527 km/sec 
± 100 km/sec, de Vaucouleurs (1975b) quotes 1464 ± 260 (average devia­
tion) , and Jones and Jones (1979) use 1395 ± 361 (standard deviation).
It could therefore be reasonably anticipated that the limits of 1000 
and 2000 km/sec would include most member galaxies.
There are 4 lines of evidence suggesting that the visual 
classification scheme has been effective in identifying members of the 
Fornax I cluster. Demonstration of this evidence involves the use of 
results from later Chapters of the thesis. The detailed procedures 
used in obtaining those results will be described in the relevant 
sections, but the results must be taken on trust at this point. The 
4 lines of evidence are presented in the following section.
Results
The first piece of evidence is demonstrated in Fig 4.4, in 
which I have plotted the distribution on the sky of the galaxies 
classified as members by the procedures outlined above. In particular 
note the paucity of galaxies near the edges of the search area compared 
with the high concentration in the central parts of the cluster. This 
is consistent with the hypothesis that a large concentration of galaxies 
is present, and that there exists a marked decline in the number of 
galaxies with increasing distance from the center of the concentration.
The second piece of evidence concerns the radial distributions
of bright and faint galaxies within the cluster. Member galaxies were
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divided into 2 sets - those brighter than = -16.5 are described as 
"bright" galaxies, while those fainter than = -16.5 are described as 
"faint" galaxies. The cluster center was determined and the distance of 
each galaxy from the center calculated. These distances were then divided 
into equally-spaced circular radial bins, and the surface distribution 
calculated by dividing the number of galaxies in each annulus by the 
area of that annulus. I have plotted the surface distributions of the 
"bright" and "faint" galaxies in Fig. 4.5, with the areas under the curves 
normalised for easier comparison. The "bright" galaxies are represented 
by open circles, the "faint" galaxies by filled circles. The 2 distri­
butions exhibit similar behaviour as a function of radius, in particular, 
they decline at comparable rates at large radii, indicating similar ; 
surface distributions, and consistent with the hypothesis that the 
cluster consists of these 2 types of galaxies. If, by contrast, the 
"faint" galaxies were not all cluster members, but were distributed 
across the whole of the search area, the distribution plotted in Figs.
4.4 and 4.5 would show this wider distribution. The conclusion I have 
drawn is that the "bright" and "faint" galaxies together are members of 
the Fornax I cluster.
The third piece of evidence concerns the comparison of the CM 
arrays of (a) member galaxies only, and (b) member and nonmember galaxies. 
In Fig. 4.6(a) I have plotted colour (U-V) as a function of apparent 
magnitude for all member galaxies from the central part of the cluster, 
and in Fig. 4.6(b) I have plotted the same variables for all galaxies 
(members and nonmembers) from the same region. The members form a 
distinct subset of the set of all galaxies in that the relative tightness 
of the relationship in Fig. 4.6(a) contrasts with the scatter in Fig. 
4.6(b) particularly for galaxies with 16 < V < 18.
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The fourth piece of evidence comes from the comparison of 
visual membership classification with measured galaxy recession 
velocities. Before any recession velocities were at hand, I classified 
galaxies from the 7 Schmidt fields as members/nonmembers. After the 
results of the recession velocity measuring programs of (i) EBN and me, 
and (ii) Jones and Jones (1979), were available, a comparison was made 
with the results from the visual classification.
Recession velocities (excluding those for previously measured 
galaxies) obtained from the AAT spectra are tabulated in Table 4.1, 
and confirmed the visual classification for 14 galaxies out of 15.
The remaining galaxy, 249, had a measured velocity of 2451 km/sec -  
190 km/sec and is therefore rejected for cluster membership. Compari­
son with velocities reported by Jones and Jones (JJ) indicated success­
ful classification for 47 out of 49 (once again the galaxies with 
previously measured velocities were excluded from the sample). The 2 
abberant galaxies were 303 (JJ89) and 305(JJ102). 303 has a low surface
brightness region extending NE and SW from the galaxy. 305 has an 
almost circular appearance with a low surface brightness region surround­
ing the galaxy. The presence of the low surface brightness components 
is usually indicative of relatively close galaxies, certainly 
closer than their quoted recession velocities indicate. If these objects 
were in the centers of clusters they would probably have been classified 
as cD; however they do not appear to be associated with any clusters, 
and this, together with their distinctive appearance, warrants their 
future study.
RA and Dec for all galaxies were determined by measuring the 
(X,Y) coordinates on the Schmidt plates and comparing these with the 
coordinates of stars selected from the SAO (Smithsonian Astrophysical
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Observatory Star Catalog, 1965) list. Six stars were used on each field 
and a least squares procedure provided the best fit. The V magnitudes 
for galaxies in the central parts of the cluster covered by the AAT 
plates were determined by PDS measurement as discussed in Chapter 3. 
Galaxies outside this region were assigned V magnitudes by comparison 
with galaxies in the central region.
In Table 4.2 I have listed member galaxies; in Table 4.3 the 
nonmembers. The contents of these Tables are - 
column 1 - serial number,
column 2 - RA and Dec in 1950.0 coordinates, 
column 3 - V magnitude,
column 4 - galaxy identification in the NGC/IC system,
column 5 - galaxy identification in the HB (Helwan Bulletin) system,
column 6 - galaxy identification in the Jones and Jones (1979) list,
column 7 - galaxy identification in the Hodge (1960) list,
column 8 - galaxy identification in the lists of Holmberg et al.,
(1978a, 1978b).
Discussion
I have shown that the visual classification scheme can reliably 
distinguish between nearby and distant galaxies of the same apparent 
brightness. This scheme has been used to distinguish member galaxies 
of the Fornax I cluster from background objects. An assessment of the 
magnitude limit below which this was not possible, was determined by 
assigning membership to galaxies in the central part of the cluster 
from the Schmidt plate. I was fortunate in obtaining from Drs R Dickens 
and J Dawe a copy of an AAT (IllaJ + GG385) taken in conditions of 
excellent seeing. I examined galaxies on the Schmidt plate and the AAT
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plate, and concluded that distance classification from the Schmidt plate 
was unreliable below V = 19.0. The problem was caused by intrinsically 
small dwarfs at the distance of Fornax I being indistinguishable from 
faint background galaxies when observed on the Schmidt plates, although 
they could be reliably identified on the AAT plate. Dwarfs at V = 20.0 
could still be seen on the Schmidt plates, but the sample would be 
obviously incomplete at this brightness level.
Reaves (1956, 1964, 1977) identified dwarf galaxies in the 
Virgo and Fornax I clusters by visual inspection and has (1977) some 
fine photographs of selected samples. As in Fig. 4.1, the radial 
reduction in density in Reaves' examples is clear, but the process of 
photographic reproduction enhances the contrast between central surface 
brightness and the outer parts of the galaxy.
The potential well caused by the presence of the Fornax I
cluster may cause nearby galaxies to move toward the cluster center
and distort the smooth Hubble expansion in the direction of the cluster.
In particular NGC 1291, 1316, and 1365 have V values of 674, 1632,o
and 1502 km/sec respectively (de Vaucouleurs et al., 1976, hereinafter 
RCBG), and their membership of the Fornax I cluster has been discussed 
by de Vaucouleurs (1956a, 1956b, 1975). Examination of tertiary 
distance indicators may eventually resolve the membership question, 
but for this work I have considered them to be members of the cluster.
The Southern Super Galaxy (de Vaucouleurs 1956b) (hereinafter 
SSG) of which Fornax I is a member, may have its own peculiar motion 
and thus distort the general Hubble expansion in that direction.
There is some evidence for a relationship between recession velocity 
and position in the SSG to be seen in Fig. 2 from Welch et al., (1975).
They have plotted a histogram of number of galaxies as a function of
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recession velocity for 3 clusters along the SSG and show a general 
relationship between recession velocity and position in the SSG. One 
interpretation of this result is that the SSG is rotating as a rigid 
rod, end over end. If this is correct, the recession velocity of the 
Fornax I cluster may be different from that expected from an isolated 
cluster participating in the Hubble expansion. The presence of the 
SSG could also complicate the potential well discussed above, by 
providing more mass to attract outside galaxies to itself. Thus the 
question of membership can hardly be regarded as closed; for the 
purposes of this work, I have used the visual classification discussed 
above to identify cluster members.
(ii) Distribution of members 
Introduction
The distribution of galaxies within the cluster is a result of 
the formation and evolutionary processes that have shaped the cluster. 
Hence measurements of that distribution and comparison of distributions 
of different clusters can contribute to the understanding of the history 
of the clusters. In this section, I discuss a method for determining 
the center of the cluster, and the distribution of galaxies within the 
cluster.
Method
The RA and Dec for each galaxy were determined as described in 
section (i) above, and were converted to (X,Y) coordinates on the scale 
of the Schmidt plates (67.1"/*™)/ relative to an arbitrary origin. 
Marginal distributions in X and Y were constructed by binning the 
coordinates in units of 1.12' in each direction. Each marginal
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distribution was cross-correlated with a Gaussian template of width 5
strips, and the mode of the resulting smoothed distribution found in the
manner described by Newell (1979, paper presented at the Trieste meeting
on "Image Processing in Astronomy"). The center of the cluster was
defined by the position of the mode in each direction.
Given the cluster center, the radial surface density distribution
was constructed by placing the galaxy coordinates in radial annulii 1.12'
wide. The galaxies were divided into 2 groups - those with < -16.5
and those with M > -16.5. This is close to de Vaucouleurs' (1975b)v
definition of a dwarf (M = -16.0), and it is convenient to use the 
terms "bright" and "faint" when referring to members of these groups.
The radial surface density distribution of galaxies in each group was 
constructed and examined.
As will be shown in the Results section, the distributions of 
the "bright" and "faint" galaxies are similar, and therefore the overall 
mass distribution for the cluster can be determined by considering the 
galaxies as equal mass points. The overall mass distribution can then 
be compared with the theoretical models; in particular those of 
Aarseth, quoted by Butcher and Oemler (1978).
Results
I have plotted the RA and Dec marginal distributions in Figs.
4.7 and 4.8. The lower plot of each Figure contains the raw data, 
while the upper plot contains the smoothed data. The center of the 
cluster, determined from the smoothed data, is
3 hrs 35 min 39.0 sec -35° 47' 41" (1950.0).
I have plotted the radial surface distributions of the "bright" 
(open circles) and "faint" (filled circles) in Fig. 4.5. This graph
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shows the similarity in the 2 distributions; in particular there is no 
evidence for mass segregation based on this particular division into 2 
brightness groups.
The mass distribution within a cluster is usually determined by 
weighting the position of a galaxy by the absolute brightness of the 
galaxy and determining the mass distribution relative to the center of 
mass. This procedure would be unreliable for this cluster since the 
number of bright galaxies is small, and there would be large statistical 
variations across the cluster. The similarity in distributions demon- 
stated in Fig. 4.5 can be exploited in this case, and I have assigned 
equal statistical weights to all galaxies, and found the number distri­
bution in place of the mass distribution. I used circular annulii 2.24' 
wide and have listed the details in Table 4.4. Column 1 contains the 
equal-area effective radius, defined
where r, and r are the inner and outer radii of the annulus, respect- 
1 2
ively. Column 2 contains the number of galaxies in that annulus, and 
column 3 the log of the areal density. The results are plotted in 
Fig. 4.9.
Comparison with Aarseth's models is also shown in Fig. 4.9, 
the dotted line representing the Aarseth model with C = 0.49. The 
agreement between the surface density distribution and the Aarseth 
model deteriorates outside log (r") = 1.95, where a small plateau 
exists. It is convenient to represent this distance in terms of the 
gravitational radius, defined by Lang (1974), as
r  =  ~ ~ T ~  ~  Ea M G  77
Glm^ mj
W  j ij
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where M is the total cluster mass, m. and m. are galaxy masses, and r..I D  ID
is the projected distance between galaxies i and j. The value 
determined for Fornax I is
log (Rg") = 1.85.
The plateau is therefore located at around 1.26 R . Oemler reported 
plateaux in the surface density distributions of cD clusters at about 
0.4 R . Further investigation of this behaviour seems warranted.
Discussion
Comparison of the fit of the Aarseth model to the Fornax-I cluster 
distribution displayed in Fig. 4.9 with the value of C = 0.37 for the 
Virgo cluster obtained by Butcher and Oemler (1978), confirms the 
impression gained by examination of these clusters on large area Schmidt 
plates; Fornax I is more centrally concentrated than Virgo.
The results presented above show no indication of mass segre­
gation and thereby differ from the results of Hodge et al., (1965).
It is probable that the greater sample size (N = 250) and longer baseline 
in total brightness (V = 9 magnitudes) compared with N = 75 and V = 6 
used by Hodge et al., are the major contributors to this difference.
The mass distribution models of Aarseth predict the radial 
position of certain mass points - the radii enclosing specified 
fractions of the total mass. I have marked on Fig. 4.9 the points 
corresponding to the 0.5, 0.6, 0.7, 0.8 mass points. By calculating the 
total number of galaxies inside each of these mass points, estimates 
of the total number of galaxies in the cluster can be obtained. I have 
listed the results in Table 4.5. Column 1 contains the Aarseth mass 
point, column 2 the corresponding radius, column 3 the cumulative total
number of galaxies, column 4 the corresponding total number of galaxies
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in the cluster estimated from that mass point. The extrapolated totals 
increase with the mass point used, but are sufficiently close to the 
total number counted, 247, to give confidence in the Aarseth models.
The systematic differences indicate that variations from the theoretical 
Aarseth distribution exist in the Fornax I cluster. Further discussion 
and application of the Aarseth models are given by Butcher and Oemler 
(1978) and Newell and Couch (1979).
(iii) Classification of the Fornax Cluster by Galaxian Content 
Introduction
Oemler (1974) classified clusters by noting the percentages of 
the 3 main morphological types - E,SO, and Sp within the cluster. He 
found 3 broad groupings of clusters and the percentages of the morpholo­
gical types correlated with the appearance of the cluster. In this 
section, I give an alternative presentation of Oemler's results.
The changing percentages of the various morphological types as 
a function of radial distance has been examined by Oemler (1974) and 
Melnick and Sargeant (1977). The centrally concentrated clusters have 
a high percentage of ellipticals and SOs in their central regions, with 
the percentage of spirals increasing with radius. This result is 
conveniently displayed on the same plot as discussed in the previous 
paragraph.
Method
I have drawn an equilateral triangle in Fig. 4.10 with the 
vertices marked "E", "SO", and "Sp". A cluster is represented by a 
single point in this triangle, defined by the percentages of the 3 
galaxy types within the cluster. For example, a point at one of the
57
3 vertices represents a cluster consisting wholly of galaxies of that 
morphological type. A point at the center of the triangle represents a 
cluster with 33-1/3% of each of the E, SO, and Sp types. Any other 
point in this triangle represents a unique mix of the 3 types.
(The geometrical basis for this plot is that the sum of the 
perpendiculars dropped to the 3 sides of an equilateral triangle from 
any point within the cluster, is constant. Each perpendicular represents 
the percentage of that morphological type of galaxy in the cluster. The 
proof follows from consideration of the areas of the triangles formed 
by joining the interior point to the vertices. The area of the equi­
lateral triangle is the sum of the 3 enclosed triangles, and since the 
bases of the triangles are all equal, the sum of the perpendiculars is 
constant).
Results
I have plotted in Fig. 4.10 the points representing the clusters 
examined by Oemler (1974); the dotted lines enclose those points 
defining his 3 cluster types. I have also plotted the results for the 
8 richest groups from the sample defined by Turner and Gott (1976), 
together with estimates of the content of the field galaxies from 
Oemler (1974) and Turner and Gott (1976).
Classifications of the brighter Fornax I galaxies were obtained 
from RCBG, and the point representing the Fornax I cluster is shown in 
Fig. 4.10 as "Fornax I total". The galaxies were divided into 2 groups - 
those inside and those outside, the 50% mass point defined by the 
Aarseth model. Table 4.6 contains details of the composition of these 
two groups. The percentages of each morphological type within the 
cluster were determined, and the points representing the groups are
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plotted in Fig. 4.10 as "Fornax I inner" and"Fornax I outer".
Discussion
The triangle presentation adequately displays the consistency 
in morphological content of the clusters examined by Oemler. By contrast, 
the small groups and the field exhibit large variations in their 
morphological content. The high percentage of spirals in small groups 
and in the field is also apparent.
The Fornax I cluster lies between the cD and spiral-rich 
clusters and has a higher concentration (C = 0.49) than Virgo (C = 0.37) 
which is adjacent to the spiral-poor groups. It would be useful to 
measure concentrations for a variety of groups and clusters, since 
concentration, morphological content, and richness may be related in 
a fundamental way to the formation process of galaxies within groups 
and clusters.
The points representing the content of the 2 groups defined by 
the 50% Aarseth mass point in the Fornax I cluster, are plotted in 
Fig. 4.10; the preponderance of ellipticals and SOs in the inner 
parts is evident.
T a b le  4 .1
V e lo c i ty  D e te rm in a t io n s  f o r  f a i n t  g a la x i e s  in  
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RA (1950) DEC V mag NGC/IC HB JJ Hodge Holmberg
3 12 10.4 -38 11 29 18.0 35 7-09
3 12 33.3 -34 18 27 16. 3
3 13 57. 7 -35 5 32 20.0
3 15 11.7 -41 52 27 19.2 310-1
3 15 29.4 -41 16 45 9.0 1291 301-2
3 15 36.5 -41 8 58 20.0
3 15 45.4 -37 19 51 19.0
3 15 47.9 -41 52 7 21.0
3 15 56.0 -36 56 54 19.5
3 16 53.5 -41 12 13 19.0
3 19 6.0 -37 18 59 12.6 1310 357-19
3 19 37.9 -42 10 3 17.5 301-0 7
3 20 47.2 -37 23 26 8.9 1316 357-22
3 20 49.4 -37 17 16 11.0 1317 35 7-2 3
3 21 6.5 -29 13 20 18.0
321 7.9 -42 21 33 14.0 301-09
3 21 16.7 -29 45 19 19.0
3 21 36.5 -37 9 47 18.5
3 21 40.4 -35 57 33 15.2 139 357-25
3 21 58.5 -36 38 53 10.6 1326 357-26
3 22 55.4 -35 36 26 15.1 10 4
3 23 1.0 -37 11 37 14.0 1316C 116 357-27
3 23 10.3 -36 32 21 13.5 1326A 357-128
3 23 11.7 -36 43 34 17.5
3 23 24.5 -36 34 31 12.5 1326B 119 35 7-129
3 23 29.9 -36 55 47 18.2
3 23 31.4 -33 8 21 17.5
3 23 58. 3 -33 4 29 12.0 1919 35 8-01
3 24 36.9 -35 5 3 46 12.5 1336 35 8-02
3 24 43.8 -34 43 9 17.0
3 24 54.5 -36 59 45 18.6
3 24 57. 3 -35 41 19 19.0 35 8-04
3 25 15.7 -33 40 13 15.0 32 35 8-05
3 25 21.7 -34 41 46 13. 7 35 8-06
3 25 23.8 -32 0 22 18.0
3 25 30.5 -36 19 46 18. 2
3 25 31.2 -36 5 44 17.0
3 26 4.4 -37 18 45 11.9 1341 35 8-08
3 26 7.5 -38 42 6 18.2












































RA (1950) DEC V mag NGC/IC
3 26 15.5 -31 13 58 10.4 1344
3 26 30.5 -33 54 49 17.0
3 26 52.5 -35 21 29 13.5 1351A
3 27 45. 3 = -33 43 27 15.0
3 28 19.6 -35 24 15 17.5
3 28 34. 4 -34 26 10 16.0
3 28 38.0 -35 3 0 11.5 1351
3 28 39.1 -32 6 41 16.7
3 28 49.2 -35 30 31 18.0
3 28 57.9 -33 43 48 21.0
3 29 10.9 -33 48 20 10.6 1350
3 29 13. 3 -33 24 51 19.0
3 29 13.5 -36 27 38 14.0
3 29 18. 7 -32 13 24 18.0
3 29 27. 7 -35 30 9 15.0
3 29 31.9 -32 18 59 18.5
3 29 31.9 -33 1 28 18.5
3 29 47. 3 -34 29 50 17. 8
3 29 51. 3 -35 13 27 16.0
3 30 30.6 -34 31 6 18. 5
3 30 35.3 -36 15 41 19.0
3 30 50. 3 -34 24 29 16.0
3 30 52.0 -37 59 52 17. 8
3 30 54. 1 -37 48 40 19.0
3 30 59.3 -35 53 58 17.5
3 31 6. 3 -33 53 14 16.8
3 31 6.9 -36 35 54 17.1
3 31 9. 3 -34 58 39 15.5
3 31 13. 2 -35 52 52 19.5
3 31 14.5 -36 10 47 16.5
3 31 32.8 -34 36 55 17. 8
3 31 34.0 -33 44 21 14.0
3 31 38.9 -36 18 40 10.5 1365
3 31 45.8 -36 0 48 18.5
3 31 50. 3 -34 20 12 18.2
3 31 50.9 -31 22 21 11.8 1366
3 31 54.1 -35 59 42 20.0
3 32 12.0 -35 41 19 21.0
3 32 23.6 -35 31 50 18.2






























































RA (1950) DEC V mag NGC/IC HB JJ
3 32 33.2 -33 0 9 17. 8
3 32 34.1 -35 42 45 14. 2 99
3 32 49.4 -36 1 32 17.0
3 32 56.8 -32 48 22 13.9 10
3 33 .0 -35 21 19 16. 8
3 33 .5 -35 12 11 18. 8
3 33 2.8 -35 20 12 13.5 1373 50
3 33 8.2 -35 23 1 19.0
3 33 21. 7 -35 26 24 12.6 1375
3 33 21.8 -35 24 10 11.4 1374
3 33 32.7 -36 20 39 20.0
3 33 33.6 -32 37 41 13.5
3 33 35.2 -34 37 12 12.5
3 33 36.9 -34 58 27 18.2 1963/335
3 33 46. 3 -35 29 47 17.5
3 33 58. 7 -34 59 37 19.5
3 34 8.0 -35 35 59 11. 4 1379
3 34 8.1 -35 33 12 18. 5
3 34 17.2 -36 20 10 16.6
3 34 29.0 -36 4 31 18. 2
3 34 29.1 -37 19 31 19.0
3 34 30.6 -35 22 3 20.5
3 34 31.1 -35 9 10 9.9 1380
3 34 35.9 -35 27 28 11. 7 1381
3 34 46.6 -34 19 26 17. 3
3 34 50.8 -34 54 7 12.5 1380A 51
3 34 50.9 -36 9 36 11.5 1386
3 34 51. 7 -34 26 44 17.0
3 34 53.1 -35 6 26 17.2
3 34 53.2 -36 24 41 13.5 1392 12
3 34 57. 8 -35 32 9 14.0 52 79
3 35 3.0 -35 40 33 10.9 1387
3 35 7.5 -34 45 44 18.0
3 35 8. 3 -35 45 34 16.1
3 35 14.6 -35 21 33 15.5 1380B 53
3 35 16.4 -35 54 32 11. 1 1389
3 35 22.0 -35 51 11 18.1
3 35 26.0 -35 4 14 16. 8
3 35 38. 3 -35 59 35 17.5




























































RA (1950) DEC V mag NGC/IC HB JJ Hodge
5 35 48.5 -37 22 30 18.5
5 35 58.9 -35 2 34 17.4
l 36 .3 -37 26 22 17.9
5 36 12.0 - 35 36 7 15.0 75
5 36 14.4 -33 18 37 14.0 18
5 36 15.7 -34 40 47 15.5 43
5 36 15.9 -38 15 29 19.0
5 36 20.2 -35 40 3 17. 3
J 36 20.2 -37 27 23 16. 8
3 36 2 3. 8 -35 17 29 15.8
3 36 25.2 -36 13 36 19.4
3 36 25.7 -35 41 10 17.6
3 36 34.0 -35 36 41 9.8 1399
3 36 42.0 -35 59 37 19.0
3 36 44.3 -36 43 46 20.5
3 36 50.7 -35 25 31 19.1
3 36 5 8. 7 -35 45 39 9.9 1404
3 36 58.9 -35 23 18 20.5
3 37 18.1 -35 32 14 15.8 72 6
3 37 19.6 -31 29 2 11.5 1406
3 37 26.3 -35 5 3 2 8 17.0
3 37 31.8 -31 57 44 18. 5
3 37 56.6 -35 2 8 5 3 20.0
3 38 20.5 -33 34 50 17.5
3 38 23.7 -37 39 32 19.5
3 38 26.9 -35 26 37 17. 4
3 38 28.1 -37 48 27 20.0
3 38 29.1 -31 50 46 17.5
3 38 32.0 -35 46 59 13.5 142 7A 16
3 38 35.5 -36 2 24 18.0
3 38 35.9 -36 39 17 16.6
3 38 37.7 -35 10 5 8 16.0
3 38 46.0 -35 48 59 17.5
3 38 49.3 -36 1 16 18. 3
3 38 53.9 -37 34 19 18.0
3 38 53.9 -37 40 30 13.2
3 38 54.8 -35 54 34 16.5
3 39 1.5 -38 0 0 16.9
3 39 5.8 -35 54 34 13. 7




















































T a b l e  4 .2  ( c o n t ' d )
RA (1950) DEC V mag NGC/IC HB J J  Hodge H olm berg
3 39 1 1 .2 -3 5 47 51 1 7 .0
3 39 11. 3 -3 5 40 3 1 9 .5
3 39 1 6 .2 -3 5 19 19 1 9 .5
3 39 2 5 .4 - 3 3 56 2 1 5 .8
3 39 2 8 .2 -3 6 6 16 18. 5
3 39 3 3 .4 -3 5 52 17 1 9 .0
3 39 3 6 .0 -3 5 36 40 1 9 .0
3 39 37. 8 -3 5 3 5 13. 7 3 58-51
3 39 4 3 .9 - 3 3 38 40 2 0 .0
3 39 5 5 .2 -3 5 41 39 1 9 .0
3 40 1 0 .0 -3 0 3 38 1 0 .9 1425
3 40 2 0 .0 -3 5 33 15 1 1 .2 1427 358-52
3 40 2 2 . 8 -3 5 41 37 1 7 .0
3 40 2 7 .6 -3 5 16 15 13. 7 1428 3 5 8 -5 3
3 40 3 3 .5 -3 6 50 20 17. 3
3 40 4 0 .3 -3 6 6 43 1 9 .5
3 40 4 4 .6 - 3 4 5 30 13. 8
3 40 4 5 .6 -3 6 0 34 1 9 .0
3 41 8. 8 -3 6 25 8 1 5 .0 14 37A 17 35 8 -5 4
3 41 1 7 .9 -3 5 40 57 1 8 .5
3 41 2 4 .6 - 3 4 6 28 1 5 .0 22 35 8 -5 6
3 41 4 2 .0 -3 6 1 0 1 1 .7 1437 3 5 8 -5 8
3 41 5 4 .1 -3 5 47 2 1 9 .5
3 42 3 0 .0 -3 5 48 37 2 1 .0
3 42 3 3 .9 -3 5 20 39 1 6 .5
3 42 4 2 .3 -3 6 8 41 2 0 .0
3 42 46. 7 -3 5 50 15 1 6 .5
3 43 5 .9 -3 6 29 18 1 6 .0
3 43 1 0 .0 -3 6 8 4 13. 7 35 8 -59
3 43 1 6 .6 -3 5 43 27 1 6 .0 35 8 -6 0
3 43 2 0 .9 - 3 7 5 30 1 5 .7
3 43 4 5 .5 - 3 7 14 11 1 6 .5
3 43 5 0 .2 -3 5 13 39 2 0 .0
3 44 1 . 7 -3 6 31 22 13. 8 1437B 3 5 8 -6 1
3 44 2 2 .2 - 3 3 55 55 1 6 .0
3 44 2 2 . 8 -3 6 50 20 1 3 .5 1460 358-62
3 44 2 6 .0 -3 5 5 13 1 1 .5 52 3 5 8 -6 3
3 44 4 5 .6 - 3 7 17 55 17. 2
3 44 4 8 .9 - 4 0 48 13 1 5 .0 30 2 -0 6












































RA (1950) DEC V mag NGC/IC HB JJ Hodge Holmberg
3 45 10.3 -36 35 3 16.7
3 45 10.9 -32 54 41 17.4
3 45 14.2 -36 28 24 16.6
3 45 18. 3 -32 26 47 17.5
3 45 43. 8 -30 4 31 17. 8
3 45 44.4 -36 30 39 18.0
3 45 44.5 -38 44 8 14.0 302-09
3 46 2.9 -36 36 36 15.7 142 358-66
3 46 9.0 -35 10 28 18.5
3 46 14.1 -36 53 26 20.0 358-67
3 46 20. 3 -37 39 51 19.2
3 46 25.9 -36 15 29 20.0
3 47 22.0 -37 6 46 18. 3
3 47 27.9 -41 3 50 18.2
3 47 56.2 -36 5 29 16.0 92
3 48 29.7 -35 23 43 19.8
3 48 46.5 -36 2 58 13. 7
3 49 12.9 -36 49 24 19.0
3 49 54.9 -38 36 16 16.0 302-14
3 50 4. 8 -33 37 0 14.0 150
3 50 14.2 -39 11 34 16.0 302-15
3 50 15.8 -38 1 1 19.0
3 50 23.5 -36 26 27 18.0
3 50 37.1 -42 17 28 16.5 302-16
3 52 1.4 -39 19 26 17.0 302-17
3 52 8.0 -35 41 37 16.0
3 52 13.5 -36 12 25 16.0
3 52 36.2 -36 6 21 11.6 2006
3 53 57. 3 -35 56 34 18.5
3 54 3. 8 -42 30 51 11.4 1487
3 54 6.3 -40 49 33 16.0 302-21
3 54 47.2 -35 9 41 19.5
3 55 12.3 -36 44 20 16.0
3 55 30.4 -35 24 20 18.0
3 55 40.8 -34 38 26 16.5
3 57 53. 8 -36 50 37 15.0
3 57 56.4 -37 20 13 17.2
4 2 34.9 -35 46 25 15.5
4 2 48.8 -35 48 5 15.5
4 3 40.3 -37 18 5 16.2
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T a b l e  4 . 2  ( c o n t ' d )
No. IRA (1950) DEC
241 4 9 5 4 . 4 - 3 5 4 9
242 4 10 5 . 7 - 3 2 58 12
243 4 10 1 1 . 2 -3 2 59 50
244 4 10 4 0 . 1 - 3 2 56 20
245 4 10 5 4 . 9 - 3 3 7 27
2 46 4 11 4 . 8 - 3 2 39 41
247 4 11 44.  7 - 3 1 46 43
V mag NGC/IC HB J J  Hodge
1 7 . 0
1 1 . 8  1531
1 0 . 6  1532
1 5 . 0
1 5 . 0
1 4 . 0
















































3 7 7.0 -35 30 9
3 21 43. 3 -37 4 51
3 24 45.9 -35 12 50
3 25 40.1 -33 43 51
3 29 25.1 -35 39 42
3 30 57.6 -35 18 27
3 31 2.5 -35 41 49
3 31 38.6 -37 18 10
3 32 20.3 -37 27 43
3 32 21.0 -35 30 19
3 32 31.1 -36 0 27
3 32 37.0 -35 13 59
3 33 6.0 -35 14 20
3 33 13.1 -33 32 19
3 33 16.0 -34 47 46
3 33 22.0 -34 54 0
3 33 36.0 -35 32 19
3 33 47.0 -35 16 28
3 33 55.0 -35 17 16
3 34 12.0 -34 55 30
3 34 28.0 -35 21 58
3 34 32.0 -36 12 13
3 34 34.0 -34 52 15
3 34 45.0 -35 20 10
3 34 46.0 -35 9 29
3 34 47.0 -35 33 42
3 34 48.1 -34 5 42
3 35 12.7 -32 9 46
3 35 23.0 -36 19 33
3 35 23.0 -35 19 21
3 35 31.0 -36 4 33
3 35 37.0 -34 52 59
3 35 39.0 -34 49 48
3 35 39.0 -35 27 43
3 35 41.0 -36 15 53
3 35 41.0 -34 48 59
3 35 42.0 -35 50 20
3 35 47.0 -35 4 28
3 35 50.0 -35 27 57
3 35 52.0 -34 48 0

































































T a b l e  4 . 3  ( c o n t ' d )
RA i(1950) DEC V mag
3 35 5 7 . 0 - 3 5 57 20
3 35 5 9 . 0 - 3 4 56 49 1 7 . 6
3 35 5 9 . 0 - 3 4 57 57 1 8 . 0
3 36 5 . 0 - 3 6 17 39 1 8 . 4
3 36 8 . 0 - 3 6 10 40 17 .  8
3 36 1 2 . 0 - 3 6 17 11 1 9 . 2
3 36 1 4 . 0 - 3 4 54 15 1 7 . 5
3 36 2 4 . 0 - 3 4 55 26 1 7 . 8
3 36 2 7 . 0 - 3 5 25 11 1 6 . 5
3 36 3 7 . 0 - 3 5 23 48 1 7 . 0
3 36 4 5 . 0 - 3 6 7 20 1 7 . 0
3 36 5 0 . 0 - 3 4 57 20 1 8 . 2
3 36 5 1 . 0 - 3 5 32 38 1 8 . 0
3 37 7 . 0 - 3 5 24 22 1 8 . 8
3 37 1 4 . 0 - 3 6 1 54 1 6 . 6
3 37 3 4 . 0 - 3 6 2 38 1 9 . 1
3 37 5 0 . 0 - 3 5 31 28 1 7 . 4
3 37 5 2 . 9 - 3 5 33 25
3 40 1 0 . 9 - 3 6 5 8 12
3 45 1 5 .  3 - 3 7 31 52




H o l m b e r g
3 0 2 - 0 7
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Table 4. 4
Radial distribution of galaxies 




n log (n/A) + constant







150. 3 16 -2.57
170.3 8 -2.93
190. 3 13 -2.77
210. 3 10 -2.92
2 30.2 6 -3. 19
250.2 4 -3. 40
2 70.2 2 -3. 73
290.2 4 -3. 46
310.2 3 -3.62
330.2 2 -3. 82
350.2 1 -4.15
370.1 3 -3.69





T a b le  4 .5
E x t r a p o l a t e d  t o t a l  num ber o f  g a l a x i e s  
i n  t h e  F o r n a x  I  c l u s t e r  b a s e d  on A a r s e t h ' s  m o d e ls
C o r r e s p o n d in g  
R a d iu s  (mm,
Mass P o i n t  a t  6 7 " /mm)
E x t r a p o l a t e d  
Number T o t a l
0 .5 93 102 204
0 . 6 129 137 228
0 . 7 178 169 242
0 . 8 2 75 204 255
T a b l e  4 .6
S t a t i s t i c s  o f  m o r p h o l o g i c a l  t y p e s  
i n  t h e  F o r n a x  I  c l u s t e r
(a)
i n s i d e  50% m ass p o i n t
(b)
o u t s i d e  50% m ass p o i n t







Fig. 4.1 Photograph of galaxy 117, a dwarf in Fornax I
.
'
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$SpZ.$
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Fig. 4.2 Photograph of galaxy 326, a distant galaxy in the 





Ch. n u m b e r
Fig. 4.3 Examples of spectra obtained from the AAT.
74
0(*> $




























































































































0-2 •  Member s  + N o n - m e m b e r s
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Fig. 4.6(a) Colour-magnitude array for members/




Fig. 4.7 RA marginal distribution.
 ^ AÖ (degrees)
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Fig. 4.9 Radial surface density distribution of Fornax I
galaxies. The circles indicate the corresponding 
mass point defined by the Aarseth models.
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C H A P T E R  5
GALAXIAN LIGHT DISTRIBUTIONS
Introduction
The models proposed by King (1966) were formulated to provide 
a quantitative account of profile shapes of elliptical galaxies and 
globular clusters. In this chapter I discuss the profiles of the 
elliptical galaxies in the Fornax I cluster in terms of the King profiles.
The King models are described in terns of log (intensity) as a 
function of log (radius). The parameter log (rfc/r ) describes the 
profile shape, where r^_ and r^ are the tidal and core radius respect­
ively, and the model gives a determination of the central surface bright­
ness. The principal result of this chapter concerns the relationship of 
these quantities to the absolute magnitude of the galaxy.
Current theories of galaxy formation discuss the formation of 
the parent galaxy and globular clusters associated with it. It should 
therefore be expected that the galaxies and globular clusters would have 
retained some identifying characteristics of their birth process. It is 
therefore instructive to compare the King parameters for the 2 types of 
object and see if there is any evidence which can be related to their 
birth or subsequent evolution.
Method
Galaxy profiles were constructed by modelling the projected 
luminosity distribution by concentric elliptical isophotes. The details 
are discussed in Appendix D within programs "SURF" and "BOARD".
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King's (1966) models were digitised by EBN and me using a PDS 
to accurately record the coordinates of sample points along the curves 
in King's Fig. 1. An interpolation program written by EBN was used to 
interpolate along the curves between the sampled points, and to inter­
polate between the given curves. Computer-generated plots of log 
(intensity) against log (radius) were constructed at intervals of 0.05 
in log (r^/r ) (hereinafter written in this thesis as log ((3). The 
position of the tidal radius r^ was marked on each plot which were 
used as overlays to determine log(8), log(rt), and central surface 
brightness (hereinafter I ) for each galaxy profile. The values of 
logfr^j followed from the fit.
Comparisons were made between the Fornax I galaxies and 
galaxies from other clusters and groups. Published data was obtained 
from a variety of sources.
Hodge (1966, references therein) listed star counts for 6 
local dwarf ellipticals in concentric annulii. These counts were 
converted to log (surface density) and plotted against log (radius) 
to compare with the King models. Hodge (1971) listed absolute magni­
tudes for 4 dwarf ellipticals; Oemler (1976) provided absolute 
magnitudes for another 2.
Oemler (1976) quoted log (r^ _) and log (r ) for a selection 
of galaxies from the Coma cluster. He used a modified Hubble expression 
to fit others, but unfortunately the correlation between the parameters 
defining that expression and those defining the King models was not 
good, so it was not possible to convert many of his parameters to the 
King system.
King (1978) undertook a program of surface photometry of 
galaxies in the Virgo cluster. I plotted his data for fitting to the
82
King models. Values of were obtained from B^_ and (B-V) ^  listed in 
RCBG.
The galaxy profiles were fitted to the King models, indepen­
dently by EBN and me, and the resulting differences in the fits ■ 
indicated that different criteria were used in selecting the best fit. 
The mean value of log(3) was used to describe the profile, and the 
differences used to define the error in the adopted mean. The errors 
in log(rt), logCr^), and I , corresponding to the error in log(ß) fit, 
were determined in the following manner: the standard deviation (a) of
the differences in the log(3) fit over all galaxies was calculated.
For each galaxy the King model closest to log(3) + 0.5 a and log(3) -0.5 
o were fitted and the corresponding values of log(rt), logtr^), and Iq 
recorded. The difference in the 2 measurements of that parameter 
corresponded to 1 standard deviation in the log (3) fit, and was adopted 
as the standard deviation of the error in that parameter. These errors 
were determined for the 3 bright and 3 faint galaxies, and the average 
standard deviation adopted as representative for bright and faint 
galaxies respectively.
Results
The parameters of the King models describing the Fornax I 
galaxies are given in Table 5.1. Column 1 contains the catalogue 
number, column 2 contains log(3), and columns 3,4 and 5 the values of 
log(rt), logCr^), and I respectively. In Tables 5.2, 5.3, and 5.4 
I have listed data for galaxies derived from the sources given above. 
The layout of the columns is similar to that in Table 5.1, except 
column 1 contains the common designation of the galaxy and column 5,
M . v
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I have plotted in Fig. 5.1 the log (3) values assigned by EBN 
and me to the fainter Fornax I galaxies, and in Fig. 5.2 the correspond­
ing measures for the Virgo galaxies. The average differences and 
standard deviations are listed in Table 5.5. Column 1 contains the 
galaxy category, column 2 the number of galaxies in the sample, column 3 
the difference in the log(3) fit, and column 4 the standard deviation of 
the differences. The errors in the other King parameters resulting from 
the differences in the log(3) fits were 0.05 in logtr^) and log(r ), 
independent of the galaxy brightness, and 0.07 V magnitudes per square 
second in 1^ for the bright galaxies and 0.03 V magnitudes per square 
second for the faint galaxies.
In Fig. 5.3 I have plotted log(3) against for Fornax I 
galaxies. The plot displays a linear relationship with the brighter 
galaxies having log(3) values around 2.1, while the dwarfs have log(3) 
around 0.6.
In Fig. 5.4, I have plotted log(3) against for all 
galaxies for which I have been able to obtain data. The relationship 
tends to flatten out for galaxies fainter than -13.0, as galaxies
fainter than -13.0 assume a range of log(3) values. Note the
local dwarf ellipticals and the Fornax I dwarfs at the same total 
brightness have similar log(3) values.
The King parameters describing the luminosity distribution of 
globular clusters were obtained from Peterson and King (1975) and 
absolute magnitudes for globular clusters from Harris (1974). I have 
plotted the log(3) and values for globular clusters in Fig. 5.4.
There is a relationship between these 2 variables and I determined the 
linear least-squares fit by fitting log(3) against M , then 
against log(3), and averaging the angle between the two fits. The
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result is
log(3) = 0.365 Mv -1.336
The globular clusters occupy a region of Fig. 5.4 above the 
dwarf ellipticals and there is little overlap between the two. This 
difference in profile shape, at constant absolute magnitude, clearly 
separates the 2 types of object with the globular clusters having higher 
values of log(ß), i.e., they are more centrally concentrated than the 
dwarf ellipticals.
The relationship in Fig. 5.4 show the globular clusters 
forming a sequence which is almost parallel to the brighter ellipticals. 
This suggests a close structural relationship between the globular 
clusters and the brighter ellipticals, although they are separated by 
about 14 magnitudes of absolute brightness.
I have plotted the values of logCr^) as a function of in 
Fig. 5.5. Galaxies from all sources have been included in this plot 
which reveals a continuous monotonic sequence from bright galaxies 
with -23.0 to the Fornax I and local dwarf ellipticals with
Mv er -9.0. The tidal radius can be interpreted as a size parameter 
and the change in this parameter with absolute magnitude is seen in 
Fig. 5.5. The brighter galaxies (M = -22.0) form an almost vertical 
sequence in this plot, indicating a rapid increase in tidal radius 
with increasing absolute magnitude. Galaxies from the Coma and Virgo 
clusters have been included and no systematic difference between 
Fornax I, Coma, or Virgo galaxies is evident.
I have plotted the log(rt) and values for globular clusters 
in Fig. 5.5. Globular clusters have logCr^) values ranging from -1.6 
to -0.65, while the smallest log(rt) for a dwarf elliptical is -0.10. 
(Tidal radius measured in kiloparsecs).
85
The King core radius, r^ _, was determined from log(ß) and 
log(r ), and is plotted in Fig. 5.6 for galaxies as a function of 
absolute magnitude.
The first point of interest to note is the small variation in 
log(r ) (Alog(r ) = 1.0) compared with the variation in log(r )C C*
(Alog(rt) = 2.5) over the whole range of galaxy brightness.
The variation in log(ß) as a function of absolute magnitude,
as plotted in Fig. 5.4, derives principally from the change in logCr^).
The second point to note is the sinusoidal variation of
logCr^) with total brightness, and well defined upper and lower •
envelopes are evident. Error bars show the standard deviation in
log(rt), derived as discussed above. There exists a "peak" in the
log(r ) - M plot at around M -16.0, and a "trough" at around c v v
M ~ -21.0. The mean log(r ) values at these points are approximately v c
6 standard deviations apart, and indicate that this behaviour is 
probably real. Included in this plot are the known local dwarf ellip­
ticals for which measurements have been reported; these dwarfs lie in 
region occupied by the Fornax I dwarfs, again indicating the similarity 
between the dwarfs from these 2 groups.
I have plotted log(rt) and values for galaxies and globular 
clusters in Fig. 5.7 for the purpose of comparison. There is a relation­
ship between log(rt) and for the globular clusters in the sense that
the brighter globulars have the smaller r^ values. As there is no 
relationship between r^_ and for the globular clusters, the relation­
ship between log(ß) and in Fig. 5.4 is consistent with the logCr^) - 
relationship in Fig. 5.7.
The King models provide an estimate of the central surface
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brightness (I0) of galaxies and globular clusters. In the (IQ, log(r)) 
plane, the central parts of the models asymptote to a well determined 
brightness level and, in most cases, the galaxy profiles also show this 
asymptotic behaviour.
The observed galaxy profile is a convolution of the true
profile and a term defining the effect of atmospheric disturbance on a
distant point source. Accurate determination of I would therefore
require the deconvolution of the observed profile by a stellar profile;
this has not been attempted. There will therefore be an error in the
determined I value, but the relativities in I values between bright o o •
and faint galaxies will be only marginally affected.
I have plotted I in V magnitudes per square second of arc 
against absolute magnitude for the Fornax I galaxies and the Fornax 
dwarf in Fig. 5.8. The data for the Fornax dwarf was obtained from 
de Vaucouleurs and Abies (1968) - I converted their Iq from the B system 
to the V system by using their mean colour < B-V > = 0.63. The linear 
relationship between these variables was fitted by a linear least-squares 
procedure as described above, and the result was
I = 1.075 M + 38.84 o v
I have replotted the galaxies from Fig. 5.8 in Fig. 5.9, and 
included the IQ values for globular clusters from Peterson and King 
(1975) with values from Harris (1974). There is a marked tendency 
for the brighter globular clusters to have the brighter Iq values.
Note also that many of the globular clusters have brighter central 
surface brightnesses than the galaxies. The globular clusters form a 




I have demonstrated a continuous linear relationship between 
log(3) and for the elliptical and dwarf elliptical galaxies in the 
Fornax I cluster. This relationship is in the sense that the brighter 
galaxies have higher central concentration than the fainter galaxies.
Elliptical galaxies from the Virgo and Fornax I clusters have 
been combined and define a single relationship between log (3) and M^.
Galaxies from the Coma and Perseus clusters have lower log (3) values
than the Fornax I galaxies at absolute magnitudes — -19.0. This
suggests that the physical processes which determine log(3) at a
particular absolute magnitude are dependent on the morphological type 
of the parent cluster. Dwarf ellipticals from the Local Group have 
been included and have similar log(3) values to the dwarfs in the 
Fornax I cluster. I conclude therefore that the physical process 
determining the structure of the dwarf ellipticals is the same in the 
Local Group and in the Fornax I cluster. The log (3) - relationship 
flattens out for galaxies fainter than -x. -13.0, as local dwarf 
ellipticals have log(3) values which are independent of their total 
brightness.
A continuous monotonic relationship between tidal radius and 
absolute magnitude has been demonstrated in Fig. 5.5 for galaxies from 
the Virgo, Coma, and Fornax I clusters. Dwarf ellipticals from the 
Local Group have similar r^ values to the dwarfs from the Fornax I 
cluster. This suggests that the physical processes responsible for the 
determination of tidal radius is independent of the cluster morphological 
type. It also suggests that the type of the parent galaxy is not an 
important factor in the determination of the size of the dwarf elliptical
galaxy. There are no bright ellipticals in the Local Group whereas the
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central parts of the Fornax I cluster consist principally of early-type 
galaxies.
Galaxies show a far smaller variation in log(r ) than in log(r)c t
over the full range of brightness. Looked at in higher resolution, a 
sinusoidal variation is evident with the core radius first decreasing 
then increasing, with decreasing absolute magnitude. The envelopes in 
the log(rc) - plane are well defined, and no galaxies among those 
included in this sample are markedly abberant. No systematic deviation 
from the mean relationship is evident for galaxies from the Virgo, Coma, 
or Fornax I clusters, or the Local Group.
Relationships somewhat similar in appearance to that evident in 
Fig. 5.6 can be seen in the work of Oemler (1976) - his Fig. 8. Exact 
comparison is difficult, however, since the correlations between the 
parameters used are poorly determined.
Galaxy central surface brightness is linearly related to total 
brightness over 10 magnitudes of total brightness. The Fornax dwarf 
lies within the relationship defined by the Fornax I galaxies.
Comparison of the King parameters for globular clusters with 
those for elliptical galaxies reveal the smaller core and tidal radii, 
but similarities in the log(8) values. In the plots of log(6) and Iq 
against M^, the brighter ellipticals and the globular clusters show 
similar behaviour with the brighter objects of each type having higher 
central concentrations and central surface brightnesses than the fainter 
objects. However, the brighter elliptical galaxies and the globular 
clusters are distinct entities, but exhibit an almost parallel 
relationship in the run of log(8) and Iq with total brightness.
The currently accepted theory of formation of dwarf elliptical 
galaxies and globular clusters has these objects forming early in the
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collapse of the parent galaxy with the globular clusters close to the 
parent galaxy and the dwarf ellipticals at some greater distance.
However, as applied to the Local Group, it is not clear if there is a 
distance from the Galaxy outside which only dwarf ellipticals formed, and 
inside which the globular clusters formed. As discussed by Hodge and 
Michie (1969), the Ursa Minor dwarf elliptical could not survive an 
encounter with the Galaxy, and, assuming this conclusion holds for all 
the dwarf ellipticals in the Local Group, the existence of the dwarf 
ellipticals at large distances from the Galaxy may simply be as a 
result of the loss of those dwarfs which have approached too close to 
the Galaxy. Therefore dwarf ellipticals and globular clusters may have 
formed at similar distances from the Galaxy; indeed the Fornax dwarf 
has 5 globular clusters which may have formed from the same primordial 
material as did the Fornax dwarf.
What is clear is that dwarf ellipticals and globular clusters 
are structurally different, and if the globular clusters are in their 
original dynamical state, the birth processes of the 2 types of system 
must have been completely different. Assuming this proposition is 
correct, what is then interesting is that chemical evolution has produced





























King model parameters for Fornax I galaxies
log (rt) log(rc)
r-(- in seconds rc in seconds
(rt/rc> of arc of arc *o
0.87 1. 73 0. 86 24.2
1.53 1.93 0.40 18. 3
2.10 2. 32 0.22 16.15
0.75 1. 71 0.96 24.1
<0.50 25.1
~1. 75 ~2.35 -0.60 17. 3
1.00 22.0
0.55 1.68 1. 13 24.1
0.90 22.9
1.50 2.02 0.52 19.3
0. 75 1.94 1. 19
1.50 2. 19 0.69 19.1
1.00 1.60 0.60 23. 2
1.10 22.6
0.60 23. 8




1.00 1. 72 0. 72 21.3
0.55 1.43 0.88 24. 8
2.15 2.75 0.60 16. 3
0. 70 1. 46 0.76 24. 3
2.00 2.44 0.44 15.8
0. 73 1. 77 1.04
















4-1 4-1 4-1 P 4-1 4-1
•rH •H •rH •H •H
14-1 14H 4H 4-1 14H *44
b
sh Sh Sh C P Sh Sh
0 0 0 •rH 0 0o 0 0 Sh 0 0




in SH Sn >H u sh u >H Sh Sh Sh Sh Sh SH
•H g (1) 0 ) a s a s a s (D a ) OS a s <D CD OS as
i—l 0 ) H-l 4-1 4-1 4-1 4-1 4-> 4-1 4-1 4-1 4-1 4-1 4-1 4-1
P i CO W in in in in in in in in in in in
CO
P p i d a p i p i p) p i d p i P P p
r-H 1— 1 r H rH pH rH rH i— i pH rH ■—i rH 1— 1
r - U Ü a Ü Ü o u ü Ü Ü o u c s
C P
r—1 0 0 0 o 0 0 o 0 0 0 0 o 0
— - Cp Cp c p C P C P C P C P Cp C P C P C P a a
SH SH SH u sh SH SH Sh SH Sh Sh Sh Sh
in •rH • pH • pH •H ■H •rH •rH •H •H • pH •rH •H •H
> > > > > > > > > > > > >
Cp
p
•H CM i n KD CO CM CO 0 0 C P t—1 r- 0 0 in CO
s
CM r- o CO in CO o CO C P I—1 0 0 in r—{ o
P
p*
£ CM CM CM CM CM CM CO CO i—1 i—1 CM CM CM CM CM CO
• pH CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM CM
I I I I I I t I I I I I I I I I
in0)
•rH inX bid ,—s p1—1 Ü o
Id Sh o CD r- CO CM COa —p as Sh co m 00 lOin id • • • •
Sh a o o o o
0 0 P a
MH i—i •H 0
o n a i m H ^ i o c o v r o i H H
m L n t ' ' ' C ' > i £ ) C N i £ > r ^ L n i n r \ ) o j






Sh a 0id Sh u ua —- as Shin id
rH a








i n H o c o o i D o j o o ^ h ^ n ' j N a i ^
i o r ^ o c o r ^ o ' i H ( r i i o i o o ( y » o o ( y > ' ^ i n
( N ( N n ( N ( \ l f \ j r O N ( M f N n c N l f N t N | t N O )
c D c o c o o o ^ M f o r o f o c o u i o M f f l L n
( N r i H N ' d , ^ n o o ^ r ri r i ( r i n t i ( yi
C M C M O M C M C M C M C M C M C M C M C M C M C M O M C M C M
O o  H in ^  cm io
•H o  ID  ID h  CO o4-) ro cm co co co <3<
rd r\i 'sf ^  ^  ^  ^
P
CP U U U U U U•H U Ü o  o  u  esin S 2  2  S IS 2
a
C N U D C N ( H l £ ) C P r ^ l £ l P O l ö
h o o m c N n ^ n ^ o c N
^ ^ i n i D l D l O V D C O h l D

















P P P 
cd a> a> 
-p -p -p
CO CO CO
3  3  3
I—I r—( r—I






<xJ fö cd cel
g  g g g
o  o  o  o












p  p  p  
cd cd cd 
-p -P -P
3  S  3
i—I i—i I—I
a  o  a
cd to cd
g  g  g
o  o  o































(N H  ^£) (O IO I—I H  00 CN CO 
( N H c D P O J C O ^ M C O h
r O n c N H O l C O H O i O H
0 ) C N C N ) C H H H ( N H ( N C N )
I I I I I I I I I I
G
-H ^  U  
Ü f t
P A?





<J\ co  CTi vO O
I—I r—I O  CM r—I
o o o o o
I
"sF CO CM CO
H  CN O  (N n
o o o o o
I







on vO (J\ ^F O
rH  o  r "  >H
CN| N  (N  I—I rH
00 CT> CD O ' VD 
rH <T\ CO LO VD





^F m  O  O  O
CM O  O  O  O
CM CM CM CM rH
cn in m m o
(TI CM CM CO CO












VD I—I 0 s  CM I—I r—I
H  ^ F  LO +  l O  ^  ^
o o c o c o c M ' c F L n o o r M - f  +
■ ^ ' v F ^ F ' v t  • CT> VO VO CM
CO O  H  CM n j  •
O  U  u  o  g  i n  VD
O O U U c o m p q  o  r l  h
£ £ £ H H S g U c o m
93
Täble 5.4
King model parameters for dwarf ellipticals from the Local Group
log (rt) log(rc)
rt in minutes r c in minutes
Designation l o g (3) of arc of arc -MLlv
Leo II 0.60 1.08 0.48 - 9.8
Leo I <0.50 1.24 0.74 -11.4
Draco 0.55 1.60 1.05 - 7.20
Ursa Minor 0.80 1.83 1.03 - 7.20
Fornax 0.50 1.83 1.33 -13.6
Sculptor 0.60 1.81 1.21 -10.9
Table 5.5






Bright Fornax I galaxies 6 -0.025 0.11
Faint Fornax I galaxies 19 0.008 0.13
Bright Virgo galaxies 8 -0.120 0.07
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1-00 MO 120 1-30
Fig. 5.1 Comparison of fits of King models to faint Fornax I 
galaxies. The abscissa and ordinate denote the 
log(3) values assigned by independent observers to 
the galaxy. The arrows indicate the fit corresponded 









Fig. 5.3 Profile shape against M for Fornax I galaxies.
The error bars indicate 1 standard deviation in
the log(ß) fit. The error bar on M indicates the
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Fig. 5.4 Profile shapes for galaxies and globular clusters. The 
error bars refer to Fornax I galaxies and are explained 
in the caption to the preceding figure.
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Fig. 5.5 Tidal radius as a function of absolute magnitude 
for galaxies and globular clusters. The error 
bar applies to the Fornax I galaxies and is the 
error in the determination of tidal radius, 
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Core radius as a function of absolute magnitude 
for galaxies and globular clusters.
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Fig. 5.8 Central surface brightness as a function of
absolute magnitude for Fornax I galaxies (X) 






















































































C H A P T E R  6 
COLOUR-MAGNITUDE ARRAY
Introduction
The colour-magnitude (hereinafter CM) relationship for early-type 
galaxies has been investigated with the aim of extending the relationship 
to the faintest attainable limit in the Fornax I cluster.
Method
Colours and magnitudes were determined by the methods outlined 
in Chapter 3. CM arrays were constructed separately for members, and 
for members and non-members combined. The overall features of these 
arrays have been discussed in Chapter 4(i); these arrays are now 
examined in detail.
Error estimates of the colour and magnitude determinations for 
faint galaxies were obtained by examining galaxies in the overlap region 
of the 2 AAT fields, and details have been discussed in Chapter 3.
Results
I have listed the colours and magnitudes for 36 member galaxies 
in Table 6.1; results for 44 background galaxies are listed in Table 6.2. 
The Tables have a similar layout; column 1 contains the serial number 
from the catalogues in Tables 4.2 or 4.3, as appropriate; column 2 
contains apparent magnitude, and column 3 the galaxy colour.
The CM array for Fornax I members is plotted in Fig. 6.1. The 
error bars are shown in accordance with the error determinations
discussed in Chapter 3.
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Colour is related to absolute magnitude for the Fornax I galaxies
from M = -22.0 to M = -17.0. The relationship is less well defined v v
for galaxies fainter than = -17.0, and it therefore is convenient to 
consider initially the set of galaxies for which M^ < -17.0.
The relationship is curved with the slope decreasing at the bright
end.
The slope of the linear least-squares fit for galaxies brighter 
than = -17.0 is A(u-V)/AV = 0.145. This compares with the VS result 
of A(u-V)/AV = 0.1, and therefore represents a considerably steeper 
relationship in this plane. Comment on this difference is left to the 
following Discussion section.
I have plotted the CM array including members and nonmembers in 
Fig. 4.6(b), which reveals a strikingly different pattern from Fig. 
4.6(a). There is a preponderance of galaxies on the red side of the CM 
array. These are explained as field galaxies which are shifted hori­
zontally in this diagram by an amount corresponding to their redshift.
I have visually identified 5 of the background galaxies by morphological 
type. Two, 316 and 326, are SOs; 325 and 341 are spirals; and one,
333 is a cD. If moved to the distance of the Fornax I cluster, the SOs
and the cD have ((U-V) , M ) values of (1.36, -21.1), (0.94, -17.5), ando v
(1.65, -22.42) respectively, and lie within the CM array defined by the 
Fornax I galaxies. For the SOs, this is confirmatory evidence of the 
independence of the CM effect on cluster membership/nonmembership, as 
discussed by Sandage and Visvanathan (1978). Galaxies 325 and 341 are 
spirals, and, when brought to the distance of the Fornax I cluster have 
((U-V)q , M^) values of (0.67, -20.8) and (0.75, -22.01) respectively, 




It is important to recall the close link between the work 
reported here and the photometry of VS. The zeropoints in the U and V 
wavebands were established independently, as was the slope of the V 
calibration curve. The slope of the U calibration curve, was, however, 
determined from a direct comparison with the VS photometry of the 
Fornax I galaxies over a wide range of observing aperture. Thus the 
photometric systems are closely linked.
The change of slope evident in Fig. 6.1 at the bright end of the 
Fornax I cluster is consistent with the change of slope seen in Fig. 2 
of Sandage (1972) for the Virgo and Coma clusters, and in Fig. 3 of VS 
for the Virgo calibrating galaxies. The change of slope appears in 
Fig. 6.1 and Sandage's result as a genuine change in the direction of 
the mean CM relationship, whereas in the VS result it appears as an 
apparent lack of bright red ellipticals and SOs. However the trends 
evident in Fig. 6.1 and Sandage's Fig. 2 look real, so we infer estab­
lishment of a genuine change of slope at the bright end in these 2 sets 
of results.
Interpretation of the difference in slope between VS and me is 
then made difficult by the small number of Fornax I galaxies with 
between -19.0 and -17.0, and by problems with the dwarfs around M100. 
For example, M100,4 in Sandage's Fig.l is superimposed on an arm of 
M100 and therefore its magnitude and colour must be questioned. 
Furthermore, VS omitted the faintest, bluest dwarf, M100,6 from their 
solution. However it seems unlikely that these would substantially 
alter the mean CM relationship of VS. Remember, however, that photo­
electric errors increase with decreasing apparent brightness, and the 
5 dwarfs were given equal statistical weight with the brighter galaxies
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by VS in their solution.
On the other hand, once the slope of the calibration curve has 
been established, photographic photometry provides accurate results at 
faint brightness levels, since small errors in the slope will have only 
secondary effects on the integrated magnitude of a faint galaxy. There­
fore the colours of the Fornax I galaxies appear sound. (Note also 
that the colour of the omitted dwarf in the VS sample is (U-V) = 0.30, 
consistent with the colours of the bluest Fornax I dwarfs at the same 
absolute magnitude).
The conclusion I draw is that the slope of the faint end of the 
CM array may be different in the Virgo and Fornax I clusters. Of 
particular importance is the need to examine dwarfs in the Virgo 
cluster over a wider area of the cluster, since those in the VS sample 
are adjacent to M100. Likewise confirmation of the colours of the 
Fornax I dwarfs, and the study of a wider sample would assist the 
resolution of this problem.
The relationship between colour and magnitude for early-type 
galaxies assists in the understanding of the formation and evolution of 
these systems by identifying parameters which may be interpreted in 
terms of the basic processes of formation and evolution. Faber (1973) 
interprets the CM relationship in terms of an increase in metallicity 
with absolute magnitude, this increase resulting in the redder colour 
seen in Fig. 6.1 and in the earlier work of VS. If the relationship is 
to apply strictly to early-type systems i.e. those in which star 
formation has long since finished, the blueing evident with decreasing 
luminosity cannot continue indefinitely, but will not fall below the 
colour of those early-type systems which show very weak metal strength. 
The globular cluster M15 is an example of such a system,'and has an
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integrated spectrum exhibiting an extremely weak metal content. The
colour of this object is (U-V) = 0.58, and if the CM effect for galaxieso
were to flatten out at this colour, the corresponding M^ is -15.5.
Brighter than this value a tight correlation between colour and magnitude
is evident; fainter, the mean colour of galaxies from = -15.5 to
M^ = -13.0 shows little systematic variation. Interpretation of this
result in terms of varying degrees of metal enrichment is difficult
since colour is a poor metallicity indicator at low metallicities. An
estimate of the intrinsic metallicity variations among dwarf elliptical
galaxies may be obtainable by substantially reducing the errors in the
colour estimates of these galaxies. This could be achieved by determining
colours from a larger number of photographic plates.
There is a group of galaxies with M^ -16.2 and colour (U-V)q
0.42 which lie on the blue side of the extension of the mean CM
relationship to fainter magnitudes, and may be related to the blue
galaxies found by Faber (1973) (her Fig. 4a) at a similar absolute
magnitude. The Fornax I galaxies are interesting because of their blue
colour and distinctive physical appearance. Their colour is slightly
bluer than that of the metal-weak globular clusters, of which M15 is
an example. As mentioned above, M15 has a colour (U-V) = 0.58, ando
may represent the blueward extent of the colour of Population II systems. 
Therefore apparently early-type galaxies which have a colour bluer than 
M15 are of interest, and it is important that the reason for this blue 
colour be established by future observations. One answer may be that 
star formation is occurring in these galaxies, however the effect of a 
blue horizontal branch cannot be ignored - Zinn et al., (1972) have a 
HR diagram expressed in terms of (U-V) in place of the more usual (B-V),
and discuss the effect of a small number of blue horizontal branch stars
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on the integrated (U-V) colour. The appearance of the galaxies in the 
blue group gives no indication of features commonly associated with 
recent star formation activity, i.e., knots or dumpiness. All show a 
steady profile gradation from the center to their outer parts. For 
example 139 is a circular galaxy with a low-surface-brightness envelope, 
while 126 is elongated, resembling NGC 205. The fainter galaxies 
(M > -16.0) show no correlation between appearance and position in the
CM array.
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T a b l e  6 . 1
M a g n i t u d e s  a n d  c o l o u r s  f o r  36 members o f  F o r n a x  I
G a la x y G a l a x y
Number V U-V Number V U-V
79 1 8 . 2 2 0 . 8 4 115 13.  12 1 .0 2
87 1 3 . 5 5 1 . 1 0 116 1 1 . 4 0 1 . 4 6
89 1 2 . 5  8 1 . 3 3 117 1 8 . 0 9 0 . 2 4
90 1 1 . 3 8 1 . 2 8 118 1 6 . 7 8 0 . 6 5
94 18.  23 0.  75 119 1 7 . 4 5 0 . 5 1
95 1 7 . 5 3 0 . 2 5 120 1 9 . 7 7 - 0 .  36
96 1 8 .4 5 - 0 . 1 2 12 2 1 7 . 4 4 0 . 7 7
97 1 1 . 2 8 1 . 4 4 12 4 1 5 . 0 0 0 . 8 2
99 1 6 . 6 0 0 . 3 6 126 1 5 . 5 4 0 . 5 8
100 1 8 . 1 1 0 . 6 5 12 8 17.  32 0 . 3 9
10 3 9 . 9 3 1 . 6 0 130 1 5 . 8 4 0 . 6 1
104 1 1 . 6 8 1 . 2 3 131 1 9 . 4 2 0 . 0 9
106 1 2 . 3 4 1 . 2 7 132 1 7 .6 0 0 . 3 5
10 7 1 1 . 4 2 1 . 1 4 133 9 . 6 9 1 . 4 2
109 1 7 . 2 2 0 . 5 6 134 1 9 .0 2 1 . 1 8
111 1 4 . 3 1 0 . 9 1 137 9 . 9 1 1 . 5 5
112 1 0 . 9 0 1 . 3 0 139 1 5 . 5  7 0 . 4 9
114 1 6 . 0 9 0 . 7 0 141 1 6 . 1 4 0 . 3 3
T a b l e  6 . 2
M a g n i t u d e s  a n d  c o l o u r s  o f  44 non-m em ber  g a l a x i e s
G a la x y G a la x y
Number V U-V Number V U-V
301 1 9 . 2 5 - 0 .  39 336 18.  88 0 . 4 9
310 18.  26 0 . 0 7 337 1 9 .1 5 0 . 0 4
312 1 7 . 1 9 - 0 . 1 3 338 17.  19 0 . 8 0
313 18.  77 0 . 1 7 339 17.  72 0 . 7 7
315 1 8 . 5 8 0 . 8 7 340 17.  90 0.  71
316 1 6 . 7 1 1 . 3 6 341 1 6 . 7 0 0 . 7 5
317 1 7 . 5 8 - 0 . 1 9 342 1 7 . 5 9 1 . 1 9
318 1 8 . 5 1 1 . 7 6 343 1 7 . 9 9 0 . 9 6
319 1 8 . 5 1 0 . 9 4 344 18.  43 0 . 0 0
320 2 0 . 0 4 - 0 . 9 4 345 17.  84 0.  73
322 1 8 . 8 6 0 . 0 4 346 1 9 . 1 5 - 0 . 2 9
32 3 18.  82 1 . 5 4 347 1 7 . 4 8 0 . 7 7
324 1 9 . 1 6 0 . 1 6 348 17.  75 - 0 . 0 2
325 1 5 . 4 5 0 . 6 7 349 16.  48 0 . 3 7
326 1 6 . 7 9 1 . 0 0 350 1 7 . 0 3 0 . 3 3
329 1 8 . 8 8 - 0 . 1 0 351 1 6 . 9 8 0 . 9 2
330 1 6 . 3 3 0 . 9 4 352 1 8 . 2 1 0 . 0 0
331 1 8 . 6 2 0 . 4 5 35 3 1 8 . 0 4 0 . 9 4
332 1 7 .5 0 0 . 8 5 35 4 18.  82 - 0 . 1 8
333 1 6 .3 5 1 .6 5 355 1 6 . 5 6 0 . 7 0
334 1 8 . 5 3 0 . 2 4 356 1 9 . 1 0 - 0 . 1 4
335 18.  80 0 . 4 6 35 7 17.  35 - 0 . 1 8
Ill
“ 06
Fig. 6.1 Colour-magnitude array for Fornax I galaxies.
Determination of the 1 standard deviation error 


























































C H A P T E R  7
CHEMICAL AND DYNAMICAL EVOLUTION OF GALAXIES 
Introduction
Examination of colour and profile data for 4 bright Fornax I and 
8 bright Virgo elliptical galaxies reveals a relationship between colour 
and profile shape, implying a relationship between chemical evolution 
and galaxy structure.
Method
Data for the 4 brightest Fornax I elliptical galaxies (NGC 1374, 
1379, 1399, 1404) was taken from Table 6.1. The slope of the CM 
relationship defined by these 4 galaxies was 0.12. The CM effect was 
removed to form (U-V)'', where
(U-V)" = (U-V) + 0.12 V
The average (U-V)'' and log (3) values over these 4 galaxies were then 
determined, and the differences A(U-V)" and Alog(3) found for each 
galaxy by subtracting individual values from these averages.
To improve the statistical reliability of the colour and magni­
tude estimates, I averaged my colours and magnitudes with those of VS
for these 4 galaxies. (Note the VS data is in terms of (u-V) andc
V26; was converted to (U-V) by (U-V) = 1.05(u-V) - 0.94.
(Sandage and Visvanathan (1978)). The slope of the CM array defined 
by this data was 0.11, and the procedure outlined above was followed to 
form the differences in colour from the average colour.
Colour data from VS was used in conjunction with the profiles
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tabulated by King (1978) for the Virgo galaxies. The profiles were 
plotted and fitted with King model overlays by EBN and me, as discussed 
earlier.
Table 7.1 lists the relevant data for the 8 Virgo elliptical 
galaxies. Column 1 contains the galaxy name, column 2 the morphologi­
cal type from VS, column 3 contains the mean log(3) from the fits of
the King profiles. Column 4 contains V from VS, while column 5 gives26
(u-V)" colour, where (u-V)" is the colour after removal of the CM 
effect by
(u-V)" = (u-V) + 0.097 V26
Results
The differences /^ U-V) " andAlog(B) for the Fornax I galaxies 
are plotted in Fig. 7.1. There is a correlation between these quantities 
in the sense that the redder ellipticals, at a constant total brightness, 
have smaller log (3) values, i.e. they are less centrally concentrated 
than the bluer ellipticals.
The Virgo galaxies constitute a larger sample and (u-V)" is
plotted in Fig. 7.2(a) as a function of V__. The standard deviation26
for these 8 galaxies is 0.067 in (u-V)", compared to the 0.057 given 
by VS for their larger sample, therefore these 8 galaxies have 
slightly higher dispersion than the total VS sample. The mean colour 
(u-V)" and mean log(3) were calculated for this sample; the differ­
ences for each galaxy from the mean log(3) and mean (u-V)", are plotted 
in Fig. 7.3. Seven galaxies define a well determined relationship 
between these quantities.
M87 does not fit the trend established by the other 7. The
reason for this comes from the work of de Vaucouleurs (1961) who notes
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that emission from the well known radio jets causes an ultraviolet 
excess to be found in centered aperture observations with aperture 
radius less than 30". Sandage and Visvanathan (1978) quote 2 measure­
ments of M87; both with a 15" aperture. Hence the VS corrected colour 
is bluer than otherwise expected, and a shift of M87 to the red will 
tend to bring it into agreement with the relationship defined by the 
other Virgo galaxies in Fig. 7.3.
After removal of this structural parameter using (u-V)" = 0.5 X 
log(ß), the modified CM array for the Virgo galaxies is plotted in 
Fig. 7.2(b), where the scatter has been reduced by a factor of 2.9.
Discussion
VS quote an error per colour observation of 0.03, but as the 
Virgo galaxies were measured a number of times, the standard error in 
the galaxy colours will be reduced accordingly. The scatter derived 
above, 0.023 is then comparable to the uncertainty in the actual 
location of the galaxy in 3D space.
It is interesting to note that this effect is in the opposite 
direction to the overall log(ß) - M^ relationship displayed in Fig. 5.4. 
For the larger sample, log(ß) increases with increasing absolute 
magnitude (increasing redness), whilst for these galaxies the higher 
log(ß) values are found on the blue side of the CM array.
The effect is not seen in fainter Fornax I galaxies, possibly 
due to the small sample size available in the cluster. It is not seen 
fainter than M^ = -16.0, where the number of galaxies is greater, but 
photometric errors may make observation of the effect, if present, 
difficult.
The relationship between colour and profile shape for the
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elliptical galaxies is interpreted as a relationship between chemical 
evolution and internal structure. This result is important for theories 
of galaxy evolution, since it might be expected that these would be 
related. For example, the enrichment processes in Larson's (1975) 
models, involve the gradual accumulation of enriched material in the 
potential well near the galaxy center, to eventually form the new metal- 
rich stars. If the distribution function for stellar energy, (as 
reflected in log(ß)) changes from galaxy to galaxy, the kinetic energy 
of the expelled gasses will also have a different distribution and will 
consequently affect the cooling rate and the rate of star formation. 
This, in turn, could lead to a range in the integrated colour of the 
galaxies. It may therefore be possible to use this brightness-colour- 
structural relationship to arbitrate between competing theories of 
galaxy formation and evolution.
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Table 7.1
Data for 8 bright Virgo elliptical galaxies
NGC Type
Mean
log(rt/rc) V26 (u-V) '
4365 E 3 2.18 9.98 3. 35
4374 Elpec 2.20 9. 37 3.34
4406 E2 2.43 9. 20 3.26
4472 E2 2.33 8.56 3.26
4486 E0 2.03 8. 79 3.27
4552 E0 2.03 9.95 3.43
4621 E5 2.43 9.88 3.24
46 36 E0 2.38 9.82 3. 25
118




























































































Fig. 7.2 (a) The colour-magnitude array for 8 Virgo 
galaxies after removal of the mean colour- 
magnitude relationship. (b) The colour 
magnitude effect after removal of the mean 
colour-magnitude relationship and the 
colour-profile shape relationship. M87 is 
circled.
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C H A P T E R  8 
LUMINOSITY FUNCTION
Introduction
The luminosity function is a histogram displaying the number of 
galaxies in specified ranges of brightness. I have constructed this 
function for the Fornax I cluster and show how it is well described by 
the Schechter function over a range of 10 magnitudes.
Method
To determine total V magnitudes for the brightest galaxies out­
side the central region, I used the existing set of magnitudes on a 
Harvard scale listed in the RCBG. A plot of V against M^ for the 
galaxies in the central region was constructed and is displayed in 
Fig 8.1. The line of best fit was determined by inspection. Using this 
mean relationship,
V = Mh -1.2,
magnitudes for all bright member galaxies outside the central region 
were put on the V system. Magnitudes for the fainter galaxies outside 
the central region were estimated by eye, based on a standard sequence 
of faint galaxies from the central region of the cluster.
It was decided before this examination took place that galaxy 
magnitudes would be arranged into bins 0.5 magnitudes wide, centered on 
the integer and half-integer measurements. It was therefore of interest 
to note that the assigned magnitudes have a decided preference to assume
integer or half-integer values. At the time I assigned these magnitudes,
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I was totally unaware that my magnitude estimates were biassed in this 
way. However it is not too serious as it is not inconsistent 
with the accuracy with which eye estimates of the faintest galaxy 
magnitudes are possible.
Results
Table 8.1 lists the numbers of galaxies in each 0.5 magnitude 
interval for the sample of galaxies from Table 4.2. I have plotted 
the differential luminosity function in Fig. 8.2, with the number of 
galaxies on the ordinate and absolute magnitude on the abscissa. I 
have plotted the cumulative luminosity function in Fig. 8.3.
The differential luminosity function is compared with the 
Schechter (1976) function in Fig. 8.4. There is good agreement over 
the range of 10 magnitudes with a = -1.24 and = -22.14.
Discussion
Schechter1s data covered 6 magnitudes and was based on a 
composite luminosity function of 13 clusters obtained from Oemler 
(1974). The results reported here extend the range of validity of 
that particular function to 10 magnitudes.
Jones and Jones (1979) examined the Fornax I cluster down to 
= -16 and report a = 0.0 as the best fit to their data. Their work 
was limited to galaxies brighter than V = 16, whereas the work reported 
here extends to V = 19.0 before serious selection effects occur.
The luminosity function displayed in Fig. 8.4 has dips at 
2L -19.5 and c: -17.0 which may be related to the dips evident in 
Rood's (1969) results for the Coma cluster. The dips in the Fornax I 
luminosity function are 2.5 magnitudes apart, while those for Coma are
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1.5 magnitudes apart. Examination of other clusters is required to
examine the relative positions of these dips.
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Table 8.1
Luminosity Function for Fornax I galaxies
V magnitude



























VFig. 8.1 Photographic magnitudes against Harvard 
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C H A P T E R  9 
CONCLUSIONS
The Fornax I cluster has been observed in the U and V wavebands
to an absolute magnitude of M = -13.0. Based on these observations, andv
examination of data already available in the literature, certain results 
have been derived and have been discussed in Chapters 4 - 8 .  I list 
these results below in an order of increasing (in my opinion) importance 
and relevance to theories of galaxy formation and evolution.
1. The number of dwarf elliptical galaxies in the Fornax I cluster 
increases with decreasing total brightness, with no maximum evident to 
the limit of reliable classification at = -13.0. The luminosity 
function is well described by the form suggested by Schechter over a 
range of 10 magnitudes.
2. Profile shape (log (6)) and central surface brightness (IQ) for 
galaxies in the Fornax I cluster are a linear function of absolute 
magnitude over a range of 9 magnitudes of total brightness. Comparison 
of bright and dwarf ellipticals from the Virgo, Coma, and Fornax I 
clusters and the Local Group reveals no systematic differences in 
log(rt), log(rc), and Iq between these groups. Galaxies from the Coma 
cluster have smaller log (8) values than Fornax I galaxies at 21 -19.0.
3. The core radius defined by the King model shows a sinusoidal 
variation with total brightness. This is related to the internal 
dynamics of the galaxy and requires understanding.
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4. The CM relationship for early-type galaxies in the Fornax I 
cluster has a well defined turn-over at the bright end and an average 
slope of 0.145 for galaxies down to = -17.0. The region around
= -16.0 is marked by a series of circularly symmetric galaxies not 
seen at other brightnesses. Some dwarf ellipticals fainter than 
M^ 21 -16.0 are bluer than the bluest globular clusters and may be sites 
of recent star formation.
5. The metal enrichment theory of Larson (1975) widely used to 
describe the collapse of an elliptical galaxy and the star formation 
therein, predicts that the isochromes (contours of constant colour) 
will be flatter than the isophotes (contours of constant light) in 
elongated galaxies. An examination of 2 galaxies, 1 in the Fornax I 
cluster, and one with observations documented in the literature, failed 
to find this effect. Furthermore the overall shape of the observed 
colour-surface brightness relationship is not in accord with Larson's 
prediction.
6. The relationship between profile shape and mean colour for 4 
bright Fornax I elliptical galaxies and for 8 bright Virgo elliptical 
galaxies suggests a relationship between chemical evolution and 
dynamical structure. Incorporation of this effect reduces the scatter 
in the CM array for the Virgo galaxies by a factor of 2.9.
7. Elliptical galaxies and globular clusters form separate, 
almost parallel sequences when comparing profile shape and central 
surface brightness. A comparison of colours of globular clusters and 
dwarf ellipticals at constant total brightness again shows the 
differences between the 2 types of object. This suggests a reappraisal
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of the formation and evolutionary histories of these objects.
Similar studies of nearby clusters and groups, in particular 
Virgo, seem warranted to support and extend these conclusions.
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COLOUR GRADIENTS IN THE EARLY-TYPE GALAXY NGC 1389 
1. INTRODUCTION
Observations of early-type galaxies provide important constraints 
on theories of galaxy formation and evolution. Luminosity profiles, 
combined with information about the mass-to-light ratio, are related to 
the mass distribution in a galaxy. Colour gradients provide a means for 
determining the distribution of metals, and thereby contribute to our 
understanding of the chemical enrichment processes in galaxies.
As part of a detailed study of the early-type galaxies in the 
Fornax I cluster the elliptical galaxy NGC 1389 was studied using the 
Anglo-Australian Telescope (AAT) and the ANU 40" reflector. In this 
paper the radial variations of colour in this galaxy are discussed.
The results are compared with those of Strom, Strom, Goad, Vrba and 
Rice (1976) and with the predictions of Larson's (1975) theory of galaxy 
formation. In particular, it is demonstrated that the predicted differ­
ences between major axis and minor axis colour gradients are not apparent 
in the observational data.
2. OBSERVATIONS AND REDUCTIONS
The program was undertaken photographically in the U and V wave­
bands. We used IlaO and IlaD emulsions plus UG1 and GG14 filters 
respectively. Initial calibration was obtained from a spot Sensitometer 
and this calibration was checked against photoelectric centred aperture
photometry and drift scans.
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The photographic plates were scanned in both density and trans­
mission on the PDS microdensitometer at the Anglo-Australian Observatory 
and the resultant 2-dimensional arrays of data were reduced by programs 
written for the UNIVAC 1100 at the Australian National University. The 
reduction process was divided into several discrete steps:-
1. The transmission scans were converted to equivalent densities.
2. The densities were converted into intensities using a calibration 
curve expressed in the form suggested by Baker (1925) (abscissa log (I) 
and ordinate log (oj) , where u) = 10° - 1) .
3. Theoretical vignetting curves were derived for the AAT and 40" 
telescopes; application of the vignetting corrections left residual 
sky variations of the order of a few percent across the scanned area.
4. The sky around each galaxy was modelled by grouping the data into 
a uniform array of bins, each representing an area 1 square minute of . 
arc on the original plate. In each of these bins the sky was determined 
using a subroutine provided by Newell (private communication).
5. The sky values were fitted by a quadratic surface. The error 
in the sky was determined from the standard deviation of the constant 
term in this quadratic, and was always less than 1% of the sky, and, 
at best, around 0.1% of the sky.
6. The sky as determined in (5) above was calculated at each point 
in the original array, and subtracted.
7. The galaxy was modelled by a system of concentric similar 
ellipses, with major axis direction and axial ratio of the system 
chosen to provide the best representation of the isophotes. Every data 
point was placed in a radial bin and into one of 8 equally spaced 
azimuthal bins. Unwanted stars present in an azimuthal bin were
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identified and removed by ignoring that bin, and the corrected intensity 
for that radial bin recalculated using the remaining azimuthal bins.
The luminosity profile was obtained by summing the contributions in the 
ellipses, and colour gradients were determined by subtracting the profiles 
derived in different wavebands.
Luminosity profiles and colour gradients in particular directions 
were obtained by determining the intensity at points along the required 
directions. To reduce the statistical fluctuations in this measurement, 
additional data values were obtained on two rays emanating from the same
origin, typically the centre of the galaxy, but on opposite sicfes of the
_1original direction and separated from it by an angle of tan (0.1).
The photographic photometry was tested by comparison with photo­
electric observations. The galaxy intensity was determined within a 
circle centred on the galaxy centre, with radius equal to the aperture, 
used in the photoelectric observations. Figures A.l and A.2 show 
comparisons in the V and U wavebands, respectively, with observations 
by Hodge (1963), Sandage (1975), and Sandage and Visvanathan (1978).
The differences in the photoelectric data with the small apertures are 
probably caused by a variety of effects: King (1978) notes that variable
seeing, incorrect centering, and uncertainty in the size of small 
apertures can contribute to errors of this type. The overall agreement 
between the photographic and photoelectric data is good.
Figure A.3 shows the luminosity profile derived for NGC 1399 
[expressed in terms of de Vaucouleurs' (1958) law] . Note the scatter 
along the profile is small until sky errors start to dominate (at
approximately 26 V magnitudes per square arc second).
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3. COLOUR GRADIENTS IN NGC 1389
Since the colour gradient differences (between the major and 
minor axes) are expected to be small (see discussion below, Section 5) 
we need a sensitive method of data analysis. In particular, we need to 
be able to detect this small difference in the presence of a much 
larger overall radial colour variation. One way of achieving this is 
to plot the observed colour-values versus surface brightness (rather 
than against radius) - this [A Colour, y ] - presentation automatically 
cancels out the effect of ellipticity in the isochromes and displays 
the two profiles on an identical basis.
In Figure A.4 the observed colour data for NGC 1389 is shown 
in the [A(u-V), y^ ]- diagram. The overall variation in (U-V) is large 
(~ 1.0 mag) and the slope of the [A(U-V), y^] relation steepens as 
radius increases. On the other hand, there is no evidence for 
significant differences in the colour profiles along each axis. As 
discussed below, this is contrary to the conclusions reached by Strom 
et al. (1976) and does not agree with the predictions made by Larson
(1975) .
4. DISCUSSION
The conclusions reached above differ from those of Strom et al.
(1976) . These authors determined colour gradients of NGC 3115 from
photoelectric observations along the major and minor axes. Then, 
assuming a direct relationship between colours and metallicity, they 
plotted (their Fig. 8) metallicity against radius. They compared 
their |z, r ] - dependences with the predictions of Larson's (1975)
theoretical models and found qualitative agreement.
This [z,r] - comparison is, however, insensitive; if we
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reanalyse the Strom et al. data using our [A(U-V), - diagram
(Fig. A.5) we see, to that within the observational errors, no syste­
matic difference between the axes is evident. Note also that the total 
colour difference between the centre and the outer regions is of .the 
order of 1.0 magnitudes - much larger than that predicted by Larson.
This result is consistent with that derived for NGC 1389 in the present 
study.
Strom et al. (1977) also analysed U, V, and R photographic 
plates and determined the axial ratio of the isophotes from the
V plates and the axial ratio of the
isochromes from the U and R plates. Their results are plotted in Fig. A.6 
as a function of distance along the minor axis. The isochromes are 
flatter than the isophotes inside r = 100", while the reverse is true 
outside r = 100". The apparent flattening inside r = 100" is partly 
seen in Fig. A.5 where there is an indication of a difference in colour 
at V = 21.5, (corresponding to r = 45"; their Table 1). However at
V = 20.0, Fig. A.5 shows similar colours on the major and minor axes, 
while Fig. A.6 shows the maximum difference in axial ratio between iso­
photes and isochromes at the corresponding radius (r = 30"). It appears 
that the photographic and photoelectric data are not consistent. 
Considering that the quoted photoelectric errors are less than 0.04 in 
(U-V) inside r = 30", we suspect that the axial ratio determinations are 
unreliable. We conclude that the flattening of the isochromes in NGC 3115 
has not been demonstrated outside r = 20".
Larson (1975) has developed a theoretical description of early- 
type galaxies. As part of his model he considers the evolution of stars 
within the galaxy and the loss of metal-rich material in the form of
stellar wind. In the absence of any expulsion mechanism, this material
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falls toward the bottom of the potential well at the galaxy centre, and, 
along with any remaining primordial gas, forms the basic material from 
which new stars may form. These newborn stars further enrich the inter­
stellar medium, and a metallicity gradient is set up within the galaxy.
Larson (1975) has produced plots of metallicity and stellar 
density in the unprojected meridional plane from which an indication of 
the expected colour gradients along the observed major and minor axes 
can be obtained. In Fig. A.7, we look at Larson's model 4 (his Fig. 8b) 
and plot Z values along the major and minor axes in the [z, distance] 
plane. These points are joined to give the curves marked "major" and 
"minor". From his Fig. 8a, we now mark in the intersections of the 
stellar density profiles on the curves in Fig. A.7 and can then read off 
the Z gradient predicted along the major and minor axes. The Z gradient 
can be converted to a colour gradient by using Faber's (1973) result 




The resulting theoretical colour gradients are shown in Fig. A.8. 
Note that:
1. the total theoretical colour range is about 0.4 in (U-V).
2. the maximum difference between major and minor axes is about 
0.12 in (U-V),
3. the colour gradients decrease with decreasing surface 
brightness.
These results apply to the meridional plane of the galaxy, and are 
unprojected. On projection both the colour gradients and the colour 
differences will be less than the values derived above. Thus, we
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conclude that;
1. the observed colour gradients are bigger than those predicted 
by a factor of about 2,
2. the predicted flattening of isochromes over a wide range of 
surface brightness has not yet been demonstrated, and
3. the observed colour gradients increase with decreasing 
surface brightness, contradicting the predictions.
Clearly the Larson's models are not intended to provide detailed 
quantitative predictions, but it appears that there is some chance that 
they are not even in qualitative agreement with the observations.
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APPENDIX B
PREVIOUS OBSERVATIONS OF THE FORNAX I CLUSTER 
Membership
The definition and membership of the Fornax I cluster and its 
relationship to the Southern Super Galaxy has been discussed by 
de Vaucouleurs (1956a, 1956b), and Welch et al., (1975). Since the
mean recession velocity of the cluster is lo.w (Vo 1500 km/sec) , it is 
difficult to unambiguously nominate foreground galaxies which may be 
superimposed on the cluster, and the membership of NGC 1291, 1316 and 
1365 has been questioned (de Vaucouleurs, 1956a, 1975b).
Distance
VS determined the slope of the CM arrays for the Virgo and 
Fornax I clusters and found a shift of 0.32 ± 0.23 magnitudes between 
the 2 arrays. Using an earlier determination of the Virgo distance 
modulus of 31.70, they found the distance modulus to the Fornax I 
cluster to be 32.02 ± 0.21. I have adopted a value of 32.0 in this 
thesis.
Recent estimates of the Hubble constant vary from 86 ± 9 km/sec/ 
Mpc (de Vaucouleurs 1977) to 50.8 km/sec/Mpc (Visvanathan 1978b). 
Straight application of any Hubble constant to the Fornax I cluster has 
some potential pitfalls. The membership, and hence the mean recession 
velocity of the cluster, is not precisely defined, and large scale 
motion of the Southern Super Galaxy may distort the appearance of smooth 
Hubble flow in the direction of the cluster.
de Vaucouleurs (1977) uses the luminosity formation of globular 
clusters and the luminosity of the brightest globular clusters around
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galaxies in the Fornax I cluster reported by Dawe and Dickens (1976), 
to assign a distance modulus of 31.15 ± 0.2 to the Fornax I cluster.
This is in accord with his earlier(1975b)value of 31.1 and in line with 
the revised distance modulus to the Virgo cluster of 30.60 ± 0.39. 
(Visvanathan, 1978a).
For several clusters (apart from Fornax I) it has been necessary 
to convert angular to absolute size, and I have assumed a Hubble constant 
of 50 km/sec/Mpc.
Reddening and Absorption
I have followed the model of Sandage (1975) and use zero 'redden­
ing and absorption for the Fornax I cluster.
Subclustering
Jones and Jones (1979) discuss the evidence for subclustering 
within the Fornax I cluster. NGC 1316 and several nearby galaxies have 
recession velocities systematically greater than the mean velocity of 
the galaxies in the central part of the cluster, and may therefore 
represent a subcluster within the cluster. Note, however, that the 
membership of NGC 1316 has been questioned (see above).
Dwarf Population
Hodge (1959, 1960), Reaves (1964), and Hodge et. al., (1965)
have identified dwarf galaxies in the cluster.
Luminosity Function
Hodge (1978) discussed the luminosity function drawn to 
V = 18.0. He notes, however, that his determination has several 
sources of possible incompleteness - lack of radial velocities for 
galaxies with -18.0 Mv <_ -15.0, and the size of the search area may
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have resulted in the omission of some low-surface-brightness objects.
Jones and Jones (1979) measured radial velocities for galaxies 
in the central part of the cluster covered by Schmidt field 358, as 
discussed in Chapter 2. On the basis of these observations they 
constructed a luminosity function down to mg = 15 and compared it 
a Schechter function.
Galaxy Classification
Classifications of individual galaxies within the cluster are 
given by Humason et al., (1956), de Vaucouleurs (1956a), Hodge et al., 
(1965), de Vaucouleurs et al., (1976) , Hodge (1978), Sandage and
Visvanathan (1978), and Jones and Jones (1979).
Photoelectric Observations
Galaxies from the Fornax I cluster have been included in the 
observing programs of many observers, but the published data covering 
the widest selection of cluster galaxies came from Hodge (1963, 1978) , 
Sandage and Visvanathan (1978) and Persson et al., (1979). Hodge used
the UBV system, Sandage and Visvanathan a ubVr system, and Persson 
et al., measured UBVRJHK colours.
The CM array has been discussed by VS.
Photographic Observations
Evans (1951) presented contour maps of NGC 1380, 1399, and 
1404. Hodge (1978) published calibrated contour maps of 13 bright 
galaxies in the cluster. Hodge (1978) plotted E-W profiles for the 
same galaxies in V mag/D ". In addition he has plots of ellipticity
and major axis orientation as a function of radius.
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Radial Velocity Measurements
Radial velocities have been determined by Humason et al., (1956), 
Welch et al., (1975), VS, and Sandage (1978). Jones and Jones (1979)
conducted an extensive velocity determining program for galaxies with 
15 < nig < 16 within Schmidt field 358 which covers the central part of 
the cluster.
Observations of Individual Galaxies
Particular aspects of the cluster and its member galaxies have 
' formed part of many observing programs. Several are listed below.
Dawe and Dickens (1976) report globular clusters around many of 
the brighter Fornax I galaxies. Their results were used by de Vaucouleurs 
(1977) to estimate a distance modulus to Fornax I.
de Vaucouleurs (1975a) carried out an extensive examination of 
NGC 1291 and published detailed luminosity distributions.
The orientation of NGC 1365 has allowed detailed examination of 
its nucleus - see, for example, Lindblad (1979) and references therein.
Fornax A, NGC 1316, has been examined at radio wavelengths; 




VIGNETTING ON THE AAT AND 40" TELESCOPES
(a) Vignetting Corrections via Ray Tracing Techniques
Vignetting in a telescope optical system is said to occur when 
a physical obstruction prevents all points in the focal plane being 
exposed to the same area of sky. Therefore differences in the apparent 
brightness of objects and sky background will be evident across the 
focal plane, and may be removed if the vignetting can be accurately 
modelled. This can be computed from the optical and mechanical 
specifications of the telescope, and the appropriate correction applied 
at a point in the focal plane. This appendix gives details of the 
ray tracing procedure used to carry out that calculation and the results 
derived for the AAT and 40" telescopes.
Comprehensive treatment of the theory of ray tracing is given 
by Feder (1951), Smith (1966) and in the Military Standardization 
Handbook (Optical Design). In the following paragraph we summarise 
the particular aspects of the theory that relate to this work.
The optical path through the telescope is determined by following 
a finite number of rays representative of the light from the sky. Each 
ray was followed until it was either stopped at an element in the path, 
or reached the focal plane. The total number of rays reaching the focal 
plane for that angle of incidence was recorded. The angle of incidence 
changed, and the process repeated. The vignetting at points in the focal 
plane corresponding to the varying incidence angles is then given by the 
number of rays arriving at that point compared with the number arriving
at the centre of the focal plane. This ratio corresponds to the ratio
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of the area of clear sky "seen" in the primary mirror by looking back 
through the optical system from that point compared with the area "seen" 
from the centre of the focal plane. The vignetting (V) is therefore 
less than unity and an obscured intensity at a particular point can be 
corrected to a true intensity by dividing by V.
(b) Practical Aspects of Vignetting Computations for a Reflecting Telescope 
A complete specification of the optical system includes the 
location of each element (on the X-axis), the clear aperture of each 
optical element (i.e., shape in the YZ plane), and the shape of each 
optical surface (i.e., curvature, asphericity).
The conventional co-ordinate system used is the rectangular 
cartesian system with X increasing from left to right. The real telescope 
is then replaced by a virtual telescope which is laid out with all rays 
travelling in the direction of increasing X. A reflecting surface with 
ray incident from the left is replaced by two surfaces, one the mirror 
image of the other. Fig. C.l shows a mirror M with incident ray I and 
reflected ray R. The image M' of M is created by reflecting M in the 
(Y,Z) plane at the point 0. The reflected ray R is then replaced by 
ray R' travelling to the right.
The starting plane for the rays was the (Y,Z) plane situated at 
the first surface of the telescope encountered by the incoming rays.
The ray tracing calculation then proceeds as follows:
A ray is completely specified by its starting point (X,Y,Z) and 
direction cosines (L,M,N). The point of intersection with the next 
optical element is then calculated and if a finite size is specified for 
that element, the intersection point is checked to ensure that the ray 
has not been stopped. If this element is a reflecting or refracting
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surface, Snells Law is applied. The direction of a reflected ray in the 
virtual telescope is handled automatically by assigning to the medium 
after reflection a refractive index with a sign opposite to that given 
to the medium before reflection. In addition, the direction cosines 
(M,N) of the reflected ray in the Y and Z directions are reversed in 
sign. The effect of these changes is to produce the ray R' in place of 
ray R as seen in Fig. C.l.
The vignetting at any point in the focal plane is given by the 
ratio of the number of rays arriving at that point compared with the 
number arriving at the centre of the focal plane. The functional 
dependence of vignetting with radius is determined by changing the angle 
of incidence of the incoming rays. The radial variation has been 
computed at discrete radii for the AAT and 40" telescope, and represented 
by polynomials. Details are given in the following sections.
(c) Vignetting in the AAT
The characteristics of the optical elements of the AAT are given 
in Table C.l. The layout of the AAT is given in Fig. C.2; the numbered 
elements refer to those in Table C.l. The telescope dimensions were 
obtained from the specifications and drawings of the telescope.
The grid size used was 2 inches square, resulting in about 
5000 rays being traced through the telescope.
Two opposing directions in the focal plane have been designated 
(+) and (-) and are shown in Figs. C.3 - C.5. Fig. C.3 illustrates the 
relationship between the inner edge of the primary mirror, the shadow 
of the prime focus cage on the primary mirror, and the projection of the 
top of the sky baffle onto the primary mirror, as seen from the focal 
plane. The outer edges of the primary mirror are not shown.
Now consider the configuration as seen at the ends of a diagonal
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of a 10 inch photographic plate. The (+) direction is defined as a 
movement to the right in the focal plane and the configuration 
corresponding to that shown in Fig. C.3, as seen at a distance of 150 mm 
from the optical axis, as shown in Fig. C.4. The shadow of the cage 
has moved to the right and the projection of the baffle has moved to 
the left. A move of 150 mm to the left in the focal plane produces the 
configuration shown in Fig. C.5.
Comparison of Figs. C.4 and C.5 shows that the areas of the 
primary mirror seen from the opposing points in the focal plane are not 
the same, and there is therefore an azimuthal vignetting pattern present 
which is independent of the corrector used. The ray tracing program 
was used to determine the size of this effect and the results appear 
in Fig. C.6. Note also that the vignetting pattern is asymmetrical - 
the point in the focal plane which is exposed to the greatest area of 
the primary mirror is located about 40mm in the (+) direction from the 
optical axis. The reason for this can be seen in Fig. C.3 where a 
small movement of the baffle to the left will result in a greater over­
lap with the shadows of the prime focus cage, thereby increasing the 
area of the primary mirror "seen" at the focal plane.
So far we have discussed the vignetting due to the AAT minus 
the corrector lenses. The vignetting caused by the doublet follows the 
pattern shown in Fig. C.6. Assuming a prime focus cage as described 
earlier, there is a circular region 25' of arc in diameter inside which 
there is a clear optical path to the primary mirror. Outside this region, 
Fig. C.7 shows the vignetting on the ordinate plotted as a function of 
radius from the optical axis along the abscissa. The theoretical 
vignetting profile was determined at 27 discrete radii and represented
by a 4th order polynomial
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V = 1 for R < 44.33 mm
and V = 0.185 + 4.721 (-^0 2 3S.S91 t ^ )  + 5.990
-1-417 W
for R > 44.33 mm.
The standard deviation of the differences between the 27 computed 
values and the values as given by the polynomial expressed in the units 
of Fig. C.7, was 0.31.
A more accurate representation of the vignetting profile was 
determined using 17 straight line segments. Details appear in Table C.2. 
The first segment is defined as that inside R = 46 mm and has V = 1, the 
second segment extends from R = 46 mm to R = 47 mm and V ranges from 1 to 
0.9980 at the corresponding end points of the straight line segment.
Without a perfectly flat detector in the focal plane it is 
difficult to test the integrity of the vignetting curves used. The 
asymmetrical term for the AAT leads to errors of the order of 14% 
compared with the symmetrical expression. Other errors could come from 
scattered light in the optical system and reflections from the optical 
surfaces. Modelling of those effects has not been attempted. Losses of 
light from obstruction by the vanes supporting the cage, and reflections 
from the vanes and from the side of the prime focus cage, all of which 
will depend on the precise orientation of the prime focus cage and photo­
graphic plate, have not been considered. In the following paragraph we 
discuss the available evidence that no radial departure from the adopted 
vignetting profile has been found, consistent with the hypothesis that 
the cumulative effect of these other losses is extremely small.
Approximately 80 faint galaxies were measured in 2 colours across
161
the 2 fields. Comparison of the sky values measured around these galaxies 
has given some indication of the usefullness and reliability of the AAT 
vignetting profile. Fig. C.8(a) shows the sky values for each of these 
galaxies. The sky values for each plate have been separately averaged 
and individual measurements expressed as a percentage of that average.
As noted earlier, plate #1544 was imperfect and had a non-uniform noise 
superimposed. The sky values from the remaining 3 plates have been 
arranged in radial bins and Fig. C.8(b) shows the means and standard 
errors expressed as a function of radius. The mean radius of all the 
galaxies in each radial bin was adopted as the representative radius 
for that bin. This graph shows that the variation from mean to mean 
is small compared to the error of the mean. It is concluded therefore, 
that no significant error has been made by excluding the effects 
discussed in the previous paragraph. The departures from constant sky 
seen at both small and large radii have a low statistical weight as the 
number of galaxies involved is small.
The ring seen at a radius of about 47 mm on exposures taken with 
the Doublet has defied all efforts at measurement, mainly due to the 
complicating effects of the galaxies, stars, and the vignetting.
Fig. C.8(a) shows that after the vignetting correction has been applied, 
no enhancement in the sky background can be seen at the radius of ring. 
The origin of this ring remains a mystery, although reflection off the 
Doublet housing has been suggested.
(d) Vignetting in the ANU 40" Telescope
The characteristics of the optical elements of the ANU 40" 
telescope are given in Table C.3. The layout of the 40" is given in 
Fig. C.9; the numbered elements refer to those in Table C.3.
162
A 3 inch square grid was used for the 40" calculations, resulting 
in about 1800 rays being traced through the telescope.
The 40" has a sky baffle to prevent rays falling directly onto 
the focal plane at the cassegrain focus. It does, however, prevent some 
rays reaching the secondary mirror, thus causing vignetting. Fig. C.10 
shows the vignetting profile derived for the 40", which has been 
represented by a polynomial.
V = 1 for R < 42.85 mm
R *
V 0.971 + 0.225 vioo' 0.393 (100 )
for R :> 42.85 mm
The obvious differences between the AAT and 40" profiles can be 
understood by simple geometric ideas. The source of vignetting in the 
AAT - the Doublet - is comparatively much closer to the focal plane 
than is the corresponding source in the 40" - the top of the sky baffle 
Therefore a small radial distance moved in the focal plane will produce 
a proportionately much greater effect on the AAT than on the 40".
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Table C.l
Characteristics of Optical Elements: AAT with doublet corrector
Element Element Refractive Inner Outer
Number Description Distance Curvature Asphericity Index Diame te r Diameter
(1) (2) (3) (4) (5) (6) (7) (8)
1 lower edge of prime focus cage 1.98 m -1.0 1.50 m
2 prime focus support ring 1.22 m -1.0 1.45 m 4.50 m
lower edge of prime
3 focus central 
structure
0.60 m -1.0 1.45 m
4 top of sky baffle 5.32 m -1.0 1.00 m
5 primary mirror 4.48 m -0.03937 m”1 -0.1717 1.0 1.295 m 3.893 m
6 top of sky baffle 4.48 m 1.0 1.00 m
lower edge of prime
7 focus central 
s tructure
5.32 m 1.0 1.45 m
8 first lens, first surface 2.36 m 1.5736 m"1 1.0 1.465 25.45 cm
9 first lens, second surface 0.762 cm 2.6106 m”1 1.0 1.0 24.92 cm
10 second lens, first surface 1.778 cm 0.4067 m”1 1.0 1.465 24.92 cm
11 second lens, second surface 1.524 cm “0.6846 m 1.0 1.0 24.82 cm
12 prime focus plane 50.27 cm 1.0
Notes to Table C.l
Element 1: We assume here a symmetrical prime focus cage with diameter the mean of the maximum and
minimum diameters of the actual cage.
Column 3: The distance from the preceeding element is shown. The distance shown for the first
element is the distance from the top of the prime focus cage which is the starting point 
for all rays in the ray tracing calculation.
Column 6: As discussed in the text, a change of sign of the refractive index is used to indicate a
reflection. For completeness, Tabled shows the complete list of refractive indices used 
by the program^ The change of sign is seen to occur at element 5, the primary mirror.
The calculation started with a refractive index of -1.0.
T a b le  C.2
AAT v i g n e t t i n g  p r o f i l e  r e p r e s e n t e d  
by 17 s t r a i g h t  l i n e  segmen ts
O u t s i d e  r a d i u s  (mm) V
1 46 .0 1 .0 0 0
2 47 .0 0 .9980
3 49 .0 0 .9920
4 5 1 .0 0 .9825
5 5 6 .0 0 .9540
6 5 9 .0 0 .9340
7 6 7 .0 0 .8725
8 77 .0 0 .7870
9 85 .0 0 .7155
10 9 5 .0 0 .6235
11 100 .0 0 .5855
12 108 .0 0 .5340
13 117 .0 0.4805
14 122.5 0 .4485
15 135 .0 0 .3850
16 142 .5 0 .3490
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Fig. C.7 AAT vignetting profile assuming a symmetrical prime 
focus cage, and using the Doublet corrector.
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The computer programs developed to reduce the PDS data, are 
described below. With each program are the details of any algorithm 
used, and the place of the program in the reduction sequence. Where a 
program or subroutine has been written by another person, a brief 
description is given together with a reference to the original 
publication. Programs SKY, SKY1 and SKY3 were used only in the work 
reported in Appendix A.
The programs are discussed in alphabetical order; a glossary 
appears in Table D.l.
Program ALD was written by Mr Adrian Mortimer of the Mount 
Stromlo Computer Centre to convert ASCII from the PDS into 
FIELDATA for the Univac.
Program BOARD used a model of a galaxy which is described 
in Appendix E.
Program CALIB converted a density array into an intensity 
array by applying the appropriate calibration curve 
represented by a polynomial of the third order.
Scans measured in transmission mode were converted into density 
by program TRANS before calibration. These converted transmission 
scans were not on the measured density scale and a constant was
added to put density and transmission scans on the same density 
scale.
Program CEN was an interactive program written to provide 
threshold plots on the Tektronix terminal for the purposes of 








centres of galaxies for which centres could not be found by 
the use of CENXIS. The threshold plot indicated, with a dot, 
data values greater than a specified value in the density scans, 
or less than a specified value in the transmission scans. Use 
of the cursors then gave the desired location. This facility 
proved most useful as the faintest galaxies were frequently 
unseen on the ground glass screen of the PDS, and nearby bright 
stars were used to offset in the same way offsets are managed 
at the telescope. Program CEN then gave the exact location of 
the galaxy in the data array.
Program CENXIS located the centre of the galaxy in the data 
array by fitting a Lorenzian curve to the marginal distributions 
in X and Y directions in the manner described by Newell (1969). 
Program GETOUT was used to extract a small square array near 
the centre of the larger array, the size of which varied as the 
size of the parent galaxy, but was typically of the order of 
51 . The marginal distributions were computed on the smaller 
array and a Lorenzian fitted: the centre of the galaxy was then
taken as the co-ordinate of the peak of the Lorenzian. This 
worked well in the majority of cases but understandably failed 
in the presence of a bright star or stars, and frequently for 
the very faint galaxies. In these cases, the interactive 
program CEN was used.
This procedure defines a centre of the galaxy: it does not
necessarily coincide with the region of highest luminosity 
although the two were never separated by more than a few PDS 
steps. An alternate approach would have been to define the 





susceptible to random noise both on the plate and in the 
measuring process, and was therefore rejected. The fitting 
of the curve involves the total marginal distribution in the 
computation and is therefore less liable to error in the 
presence of random noise.
Program FOG was used to determine the chemical fog on a
developed plate. Four sections of the plate, generally the
2unexposed corners, were scanned to give 4 x 45 sample points. 
Comparison of the means and errors of each of the 4 areas 
showed that fog variation across the plate was a large scale 
feature probably resulting from a combination of plate 
sensitivity variation and nonuniformities in the development 
procedure. A constant fog value was assumed for each plate; 
differences from this constant value are a source of error 
in the reductions.
Program GETOUT extracted a smaller array from a larger array. 
This was frequently used in conjunction with CENXIS to extract 
part of a larger array for detailed analysis e.g. contour 
plotting.
Program MINI was used to obtain galaxy profiles in specific 
directions e.g. major and minor axes. A single galaxy profile 
from the galaxy centre to the sky has large fluctuations as 
the galaxy signal to the sky noise ratio decreases as the 
brightness level approaches the sky. To improve this situation, 
two additional profiles were determined, one on each side of 
the original direction and at angles of tan  ^ (0.1) to that




compromise between the requirements of reducing the errors by 
sampling more data points at a given radius, and not violating 
the basic galaxy model consisting of concentric isophotes. The 
profile in the specified direction was then taken as the 
average of the three individual profiles.
To obtain a single profile, the sequence of (x,y) values at 
which the data was to be sampled, was generated and sorted on 
increasing y, representing the direction of successive scan 
lines. The entire profile was then generated with a single pass 
through the data file, thereby economising on computer I/O time.
At each (x,y) point, the average of the 4 surrounding data 
points was used as the sampled value. While this results in all 
points in the square defined by the 4 surrounding data points 
having the same value, it does avoid values outside the range of 
the 4 data points, as can happen using a linear interpolation 
scheme Fig. D.l illustrates. Points A,B,C and D are data points 
and a representative value is required to a point inside the 
square ABCD. If A,B and C have the same function value greater 
than D, the mean plane will lie through A and C, and give a 
function value at B greater than the true data value. Every 
sample point within the triangle ABC will return a value outside 
the range of A,B,C and D. This led to some impossible profiles 
and the interpolation scheme was consequently rejected.
Program RAY was the ray tracing program described in Appendix C.
Program SKY subtracted the sky which had been modelled by a 
quadratic function by program SKY1 below, from the raw intensity 
array representing (galaxy + sky). The sky model used (X,Y)
coordinates with the positive X direction defined by the direction
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of the first scan, and the positive Y direction defined by the 
direction of successive scans. The sky value for each data 
point in the original data array was calculated using the 
quadratic function, and subtracted; the sky-subtracted value 
was then written on a new data file.
SKY1 Program SKY1 was used to model the sky in the area covered by
the scan. This program output the coefficients of the 
quadratic in X and Y defining the sky, and was used by program 
SKY to effect the sky subtraction. For example, a 300 x 300 
array was subdivided into a 10 x 10 array, with each point 
representing a 30 x 30 square in the original data. Program 
SKY3 analysed each 30 x 30 array and found, for each, the most 
appropriate sky value, which then constituted an element of the 
10 x 10 array.
It was necessary to identify and remove the galaxy and the area 
immediately surrounding the galaxy where the fainter parts of
the galaxy could be expected to be distinguished from the sky 
background. This was done by hand, with the galaxy position 
noted from the contour plots. The remaining points were fitted 
by a least squares technique to a surface of the form
-  2 2f = a^ + aj x + a2 y + a^ x + a4 xy + a^y
The analysis gave the errors in the determination of each 
coefficient; in particular the error in aQ was an indication 
of the uncertainty in the level of the sky background for that 
galaxy, which in turn gave the uncertainty in the resulting
galaxy intensity.
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SKY3 Program SKY3 was used to determine the most appropriate sky value
from a small array of data points. A typical array of 30 x 30 
data points, each point representing a measurement with the 
125 micron aperture on the PDS, covered an area of about•1 square 
minute of arc on the plate, large enough to provide sufficient 
sky points for an accurate determination of the most appropriate 
sky value. A subroutine described by Newell (1979, paper 
presented at the Trieste Workshop on "Image Processing in 
Astronomy') was used to determine that sky value for each 30 x 30 
array.
SURF Program SURF was a simpler version of the program BOARD, and
modelled the galaxy using concentric circles. All details of 
star removal and the placement of the data points into azimuthal 
bins are the same as for program BOARD and are discussed in 
Appendix E .
TRANS Program TRANS converted transmission scans to density scans using 
the formula
log 10 <£>
as noted in Chapter 3, the PDS data consisted of integers I 
with 0<.I<L512. To ensure consistency with density scans, the 
transmission scans were converted to density by 
D = 100 x log (100/T)
Transmission values of 0 were replaced by 1 before conversion.
VIG Program VIG applied the vignetting correction to each data
value in the array. The AAT vignetting profile was represented 
by a 4th order polynomial, the 40" profile by a quadratic.
The input parameters to VIG included the position of the galaxy
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on the plate relative to the centre, and the orientation of the 
scanned area on the plate.
The centre of the field was determined by assuming that the 
center of the "non-vignetted" part of the field defined the 
field centre. As the sky brightness outside this area dropped 
away rapidly, the centre of the field could be determined by 
finding the centre of this circular central region. Repeated 
trials at drawing diameters of this circular area defined the 
center repeatable to 1 millimeter. If the derived center had 
been in error by a large amount, systematic errors as a function 
of position on the plate would have arisen in comparison between 
photoelectric and photographic data. As no such error was 
noted, we conclude that errors in locating the field centre do 
not contribute significantly to the total error.
The plate was oriented N-S as defined by reference stars. The 
exact orientation of each scan varied with position on the plate 
as the lines of Right Ascension form arcs across the field.
This effect was ignored in the subsequent analysis.
The position of the scanned area on the plate was specified by 
nominating the quadrant of the plate in which the galaxy was 
located. The rectangular cartesian system had its positive X axis 
defined as the direction of the first scan line and the positive 
Y axis in the direction of successive scans, i.e. towards the
north. This is illustrated in Fig. D.2.
Table D. 1










Fig. D.l 4 adjacent data points, of which A,B, and C
have similar data values, point D has a lower 
value.
Quadrant 2 Quadrant 1
i
— ►
i D i r e c t i o n  of  succ ess i ve  
scan  l ines— ►
D i r e c t i o n  of  f i r s t  PDS 
scan l i n e
Q u a d r a n t  3
— ►
Q u a d r a n t  4
k
— ►
Fig. D.2 Coordinate system used in program VIG.
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APPENDIX E
GALAXY MODELLING BY CONCENTRIC SIMILAR ELLIPSES
The two-dimensional luminosity distribution of a galaxy was 
represented by a series of concentric similar ellipses with major axes 
colinear. The orientation and axial ratio of the system of ellipses was 
determined in one of two ways, depending on the apparent magnitude of 
the galaxy. For the brighter galaxies (for example, the NGC galaxies) a 
highly smoothed contour map was constructed and the orientation and axial 
ratio of the 21 V mag/D " contour determined by inspection. The centre 
of the galaxy was found by program CENXIS as described in Appendix D. 
These parameters defined the system of ellipses. This procedure could 
not be followed for the fainter galaxies since the central surface 
brightness decreased with absolute magnitude and values as faint as 
25.5 V mag/D " were recorded. A high contrast print was used to 
determine the orientation and axial ratio of the "edge" of the galaxy 
image; later examination found this to correspond approximately to the 
27 V mag/Q " isophote.
Using a model of the galaxy with parameters defined in this way, 
each point in the data array was placed in the appropriate (azimuthal, 
annular) bin.
The azimuthal bins were 45° wide, and the placement in these bins 
was straightforward.
The algorithm for placing the coordinates of a data point into a 
radial bin is as follows: The centre of the galaxy is the origin of the 
coordinate system. Fig. E.l shows the (x1,Yi) system with the positive 
X axis in the direction of the scan. The (x?,Y2) system is defined by 
the direction of major axis of the galaxy, as shown. (X ,Y) are the
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Coordinates of an arbitrary point in the data, and the line joining (X,Y) 
to the origin cuts the innermost ellipse (shown) at (x^,y^) in the 
(X.1,Yi) system and (x2,y2) in the (x^Y^) system. The angle 9 is the 
angle between the coordinate systems, and the angle cj) is the angle, 
between the line joining (X,Y) and (0,0) and the X axis, as shown.
The problem is to express (xj,y ) in terms of ( x ^ , y 2 ). This is 
achieved by noting
x2 = E cos (0 - )
y2 = R sin (6 - <j>*)
2 2 2 2
where R = A X B/ A sin (0-<j>) + B cos (0-cf))
where A is the major axis of the ellipse
and B is the minor axis of the ellipse.
Then x^ = x2 cos (0) + y2 sin (0)
Yi =“x2sin (0) + y2 cos (0)
the ellipses are a constant distance apart along a radius measured from 
(0,0), the annulus in which the coordinates (x,y) are placed is given by
After the coordinates of each point have been binned in the 
radial and azimuthal directions, the intensities of points in each 
(radial, azimuthal) bin are averaged.
The mean and standard error of the mean for each annular bin 
was then determined. The standard error calculation followed that of 
Newell (1969).
The presence of a perturbing stellar image was indicated by a
The distance from (x^y^ to (0,0) and as
1 )
sudden increase in the standard error from one annular bin to the next.
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The particular octant was then identified and the total intensity for 
that annular bin recomputed by multiplying the average of the 7 remaining 
bins by 8/7. When another galaxy was nearby, as in the case of NGC 
1374-1375, or when a bright star was nearby, as happened with NGC 1404, 
entire octants were ignored, and annular averages determined from the 
remaining octants.
The sky value was determined by plotting the mean intensity of 
the radial bins as a function of radius to at least twice the apparent 
radius of the galaxy, and finding the intensity (averaged over many 
radial bins) at a distance where the monotonic decline attributable to 
the galaxy could no longer be detected above the point-to-point varia­
tions. This was done by visual inspection of the intensity-radius plot. 
The sky intensity was then subtracted from each data value, leaving the 
sky-subtacted galaxy intensity at each point.
It is recognised that the method of representation as described 
above has simplified what in reality may be a complicated isophotal 
pattern. Liller,(1960, 1966), Hodge (1978), and King (1978) have shown 
examples of the change in direction of the major axis, and the change of 
axial ratio, with radius. A detailed description of the isophotes of 
these types of galaxies would be complex, and such representation has not 
been attempted. Instead, the emphasis has been on the representation of 
the two dimensional luminosity distribution by a simple, convenient 
formulation. It was for this purpose that the system described here was
designed.
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Fig. E.l Coordinate system for galaxy modelling
